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Abstract 
Excessive hardness and rotational traction are the factors most associated with non-
contact, ground-related injury risk in football. Irrigation has the greatest influence on 
surface hardness, and also in determining the turfgrass species that can be sustained. 
However, irrigation is prohibited on many Australian community- level grounds during 
drought.  This thesis investigated the influence of various agronomic factors on surface 
hardness and on rotational traction, with the aim of devising strategies to reduce ground-
related injury risk in drought conditions. In replicated plots tested over a drought period, 
Clegg hardness values on a football ground peaked at 160 gravities when turfgrass 
coverage was present, compared to values in excess of 200 gravities when turf coverage 
was absent. If the Clegg threshold was set at 160 g for community-level football, many 
grounds would stay open for play provided they sustained turfgrass coverage. In southern 
mainland Australia during drought and without irrigation, only a drought-resistant species 
such as couchgrass (Cynodon dactylon and hybrids) could do this. However, couchgrass 
has been linked by past epidemiological evidence to a higher risk of knee injury than 
perennial ryegrass (Lolium perenne), which was attributed to couchgrass having a higher 
rotational traction. In data presented in this thesis, perennial ryegrass actually had 
significantly higher rotational stiffness than couchgrass on four out of eight assessment 
dates. Consequently, there appears no reason to favour perennial ryegrass and to 
recommend against the use of couchgrass for reasons concerning rotational traction. 
Furthermore, the largest range in rotational traction was between areas of full grasscover 
compared to denuded areas. The thesis concluded that the ability to sustain turfgrass 
coverage provided the most effective agronomic solution for moderating both hardness 
and rotational traction on community- level football fields, and that a turfgrass species 
should be selected primarily on its ability to best sustain that coverage.   
ii 
 
 
Statement of Authorship 
 
Except where explicit reference is made in the text of the thesis, this thesis contains no 
material published elsewhere or extracted in whole or in part from a thesis by which I 
have qualified for or been awarded another degree or diploma. No other person’s work 
has been relied upon or used without due acknowledgement in the main text and 
bibliography of the thesis.  
 
 
Signed:                                                               Signed: 
Dated:     29th May, 2013                                   Dated:     29th May, 2013 
Phillip G. Ford                                                    Dr. Dara M. Twomey 
Candidate                                                            Principal Supervisor 
 
 
 
       
          Signed: _____________________ 
 
                                                                            Dated:        29th May, 2013 
                                                                            Dr. Ian H. Chivers 
                                                                            Associate Supervisor 
  
 
 
 
iii 
 
Acknowledgements 
 
This project could not have been completed without material and moral support from 
many sources. First and foremost, my sincere thanks to Anne, Elizabeth, William and Bill 
and my extended family. I couldn’t have done it without their help and encouragement. I 
also wish to thank and honour the memory of Mark (Bear) Payton (1957-2013), who 
suggested I do this PhD several years ago. His advice has always been sound, and I have 
always followed it.  
I would also like to thank my Principal Supervisor, Dr. Dara Twomey, for her diligent 
and patient supervision, which greatly improved the outcomes of the thesis. I’m 
particularly grateful for her successful grant application for the UB Turf Tester, which 
generated excellent data for the agronomic comparisons.  My thanks also to my Associate 
Supervisor, Dr. Ian Chivers, who provided the benefit of his great experience in the areas 
of research in this thesis, and who challenged my ideas and assumptions along the way.  
I am also grateful for the support of Cameron Henley, Andrew Brooker and other staff at 
PGGWrightson Turf. While the drought was still on and there was no irrigation for plots, 
they provided land, water, seed and machinery to get my turfgrass plots underway.  
Thanks also to Bill Casimaty from Strathayr Turf Systems, and the staff at Rocla Quarry 
Products, for their support and material assistance, and to Michael Robinson and other 
Australian turf scientists and football ground managers for their help and discussion.  
  
iv 
 
Table of Contents  
  
Abstract i 
Statement of Authorship ii 
Acknowledgements iii 
Table of Contents iv 
List of Figures vi 
List of Tables viii 
  Chapter 1: Introduction 1 
Purpose and Research Questions 5 
Assumptions 6 
Delimitations 6 
  Chapter 2: Literature Review 8 
Turfgrass species and sustainability 8 
Surface hardness and natural turf football fields 18 
Agronomic factors affecting surface hardness 41 
Rotational traction of football fields 61 
Anterior Cruciate Ligament (ACL) injury 79 
Turf agronomic conditions and rotational traction 102 
Boot factors in rotational traction 126 
Conclusions and summary from literature review 147 
  Chapter 3: Moderating surface hardness 150 
Question 1: How do hardness and shear strength change on different soils? 152 
Question 2: Can laboratory testing be modified to include CIST hardness? 173 
Question 3: How does grass coverage affect hardness and shear strength? 179 
Question 4: Can turfgrass cover or aeration prevent excessive hardness? 190 
Question 5: Can frequent sand topdressing moderate surface hardness? 204 
Conclusions from Chapter 3 210 
  Chapter 4: Couchgrass in a normal winter in southern Australia 212 
Conclusions from Chapter 4 223 
  Chapter 5: Agronomic factors affecting rotational traction 224 
Preface: Testing rotational traction with the UB Turf Tester 227 
v 
 
Question 1: Is there a difference between the UB Turf Tester and SBA? 232 
Question 2: How can UB Turf Tester data be manipulated? 235 
Question 3: Are there differences in traction between turfgrass species? 253 
Question 4: Does rotational traction vary through the year? 270 
Question 5: Is the stiffness-torque relationship similar for all species? 277 
Question 6: Is there a difference in traction between couchgrass varieties? 281 
Question 7: Is there a difference in traction between ryegrass cultivars? 287 
Question 8: Does nitrogen rate influence rotational traction? 289 
Question 9: Will reducing or modifying thatch reduce traction? 292 
Question 10:  How does wear and groundcover affect couch traction? 298 
Question 11: What traction is found on trafficked football fields in situ? 307 
Question 12: How does oversowing of couchgrass affect traction? 322 
Question 13: What effect does soil texture have on rotational traction? 331 
Question 14: What effect does soil moisture have on rotational traction? 334 
Question 15: Is there a difference in traction when foliage is wet or dry? 339 
Question 16: What is the variation in rotational traction tested so far? 341 
Conclusions and further discussion from Chapter 5 349 
  Chapter 6: The effect of boot and studs on rotational traction 353 
Question 1: Does surface friction differ between ryegrass and couchgrass? 356 
Question 2: How does soil or foliage wetness affect ryegrass traction? 362 
Question 3: How does stud configuration affect rotational traction? 367 
Question 4: What is the range in traction in commercially-available boots? 375 
Conclusions from Chapter 6 382 
  Chapter 7: Conclusions, implications, future directions 384 
Conclusions 384 
Practical implications 392 
Future directions 393 
  Appendix A: The link between rotational traction and injury 395 
Appendix B: Comparison of Ksat and Infiltration Rate methods 424 
Appendix C: Comparison of ThetaProbe and oven dry methods 428 
  
References 432 
 
vi 
 
List of Figures  
  Figure 1.1: Agronomic factors involved in hardness and traction of turf 2 
Figure 1.2: Community- level, unirrigated Australian football field  3 
  Figure 2.1: Sustainable turfgrass model suggested by Rossi (2012) 8 
Figure 2.2: Section of an unirrigated community- level football ground 10 
Figure 2.3: Kentucky bluegrass plant showing rhizomes 13 
Figure 2.4: Perennial ryegrass plant with several tillers 13 
Figure 2.5: Kikuyu, showing stolons 14 
Figure 2.6: Common couchgrass, showing stolons 14 
Figures 2.7: Clegg Impact Soil Tester 25 
Figure 2.8: Player perceptions of hardness, adapted from Chivers, 2008 32 
Figure 2.9: Soil moisture-hardness relationship (Henderson et al., 2007) 43 
Figure 2.10: Player perception of grip, adapted from Chivers, 2008 77 
Figure 2.11: Rotational traction of several grasses (Roche et al, 2008) 109 
  Figure 3.1: Summary of Chapter 3 research direction 151 
Figure 3.2: Theta probe and Shear Vane tester 156 
Figure 3.3: CIST hardness vs rootzone fines content in five moisture states 162 
Figure 3.4: Relationship between fines and hardness when rootzones are dry 163 
Figure 3.5: Relationship between fines and CIST hardness 164 
Figure 3.6: CIST vs soil moisture for twelve rootzone treatments 165 
Figure 3.7: Hardness vs soil moisture for six soil textural treatments 166 
Figure 3.8: Relationship between fines and shear strength 169 
Figure 3.9: Shear strength vs soil moisture for twelve rootzones 171 
Figure 3.10: Construction of field plots overlying a clay-loam 180 
Figure 3.11: Plots covered with plastic and samples bagged for lab tests 180 
Figure 3.12: Hardness vs fines content when the profile was droughted 186 
Figure 3.13: With and without-grass plots with aeration at Week 14 195 
Figure 3.14: With and without-grass plots without aeration at Week 14 195 
Figure 3.15: Hardness of grass vs no-grass and aerated vs non-aerated plots 197 
Figure 3.16: Relationship: moisture and hardness with or without grass 201 
  Figure 4.1: Research direction for Chapter 4 214 
Figure 4.2: Case study, Ground 14, January 2011 218 
Figure 4.3: Case study, Ground 14, April 2011 219 
Figure 4.4: Case study, Ground 14, August 2011 220 
Figure 4.5: Case study, Ground 14, September 2011, corridor 221 
Figure 4.6: Case study, Ground 14, September 2011, non-corridor 221 
Figure 4.7: Case study, Ground 14, November 2011 recovery 222 
  Figure 5.1: Research direction for Chapter 5 226 
Figure 5.2: The UB Turf Tester 228 
Figure 5.3: Main components of the UB Turf Tester 228 
Figure 5.4: UB Turf Tester data on a perennial ryegrass sample 229 
Figure 5.5: Torque vs rotation graph created from UB Turf Tester data 230 
vii 
 
Figure 5.6: The calibration load cell fitted to perform a test of the load cell 231 
Figure 5.7: Checking the calibration load cell for accuracy 231 
Figure 5.8: Typical torque vs rotation regression for synthetic turf 237 
Figure 5.9: Torque vs rotation regression for a perennial ryegrass sample 238 
Figure 5.10: Torque vs rotation regression for a tall fescue sample 239 
Figure 5.11: Torque vs rotation regression for a Kentucky bluegrass sample 239 
Figure 5.12: Torque vs rotation regression for a couchgrass sample 240 
Figure 5.13: Torque vs rotation regression for couchgrass 0 – 6o section 241 
Figure 5.14: Torque vs rotation regression for couchgrass 0 – 9o section 241 
Figure 5.15: Scatterplot: rotational stiffness vs peak torque 244 
Figure 5.16: Scatterplot: rotational stiffness vs angle of maximum torque 245 
Figure 5.17: Scatterplot: rotational stiffness vs torque reached by 3o 246 
Figure 5.18: Scatterplot: rotational stiffness vs torque reached by 6o 247 
Figure 5.19: Scatterplot: rotational stiffness vs torque reached by 12o 248 
Figure 5.20: Scatterplot: rotational stiffness vs angle to reach 35 Nm 249 
Figure 5.21: Scatterplot: rotational stiffness vs angle to reach 25 Nm 250 
Figure 5.22-27: Photographs of each species after traction tests 264 
Figure 5.28: Mean peak torque values for grass species over one year 271 
Figure 5.29: Comparison of peak torque of couchgrass, perennial ryegrass 273 
Figure 5.30: Mean rotational stiffness values for grass species over one year 274 
Figure 5.31: Rotational stiffness of couchgrass and perennial ryegrass 276 
Figure 5.32: Rotational stiffness vs peak torque: perennial ryegrass 278 
Figure 5.33: Rotational stiffness vs peak torque: tall fescue 278 
Figure 5.34: Rotational stiffness vs peak torque: Kentucky bluegrass 279 
Figure 5.35:  Rotational stiffness vs peak torque: couchgrass 279 
Figure 5.36: Traffic simulator 299 
Figure 5.37: Groundcover after 60 passes of the traffic simulator 301 
Figure 5.38: Mean couchgrass coverage vs peak torque (summer 2011) 302 
Figure 5.39: Mean couchgrass coverage vs rotational stiffness (summer) 302 
Figure 5.40: Groundcover after 100 passes of wear simulator 303 
Figure 5.41: Mean couchgrass coverage vs peak torque (winter 2011) 305 
Figure 5.42: Mean couchgrass coverage vs rotational stiffness (winter) 305 
Figure 5.43 - 5.61: Rotatational traction on in situ football fields 309-18 
  Figure 6.1: Research directions for Chapter 6  355 
Figure 6.2: Boot soles fitted to blocks for linear grip testing 358 
Figure 6.3: Football boots tested for peak torque and rotational stiffness 377 
Figure 6.4: Boot outsoles prepared for fixing to the UB Turf Tester disc 378 
Figure 6.5: UB Turf Tester disc fitted with 6 x 17 mm  studs 378 
Figure 6.6: Prototype bladed sole 379 
  Figure A1: Knee joint and ACL 396 
Figure B1: Correlation between falling head IR and Ksat test methods 427 
Figure C1: Correlation between ThetaProbe and oven dry test method 431 
 
viii 
 
List of Tables  
  Table 2.1: The main turfgrass species used on Australian football grounds 11 
Table 2.2: A comparison of CIST readings (Sifers & Beard, 1997) 24 
Table 2.3: Kinetic energy and impact energy for three CIST configurations 25 
Table 2.4: Comparison of impact devices . 30 
Table 2.5: Ksat estimates based on Adams (1981) 48 
Table 2.6: Ksat and bearing capacity of eight sand:soil blends 49 
Table 2.7: CIST hardness of rootzones with different fines content 58 
Table 2.8: Summary of the main rotational traction testing devices 75 
Table 2.9: ACL injury data from the AFL 80 
Table 2.10: Number of knee or ankle injuries with different boots 89 
Table 2.11: Knee injury with different boots (Torg & Quedenfeld, 1973) 90 
Table 2.12: Knee injuries and rotational traction (Bonstingl et al, 1975) 91 
Table 2.13: Non-contact ACL injury numbers on natural vs synthetic turf 93 
Table 2.14: Risk of injury on couch compared to ryegrass (Orchard, 2005) 98 
Table 2.15: Rotational Traction of C3 turfgrasses grown in sand vs soil  103 
Table 2.16: Peak torque of six turfgrass species (Otago et al, 2007) 106 
Table 2.17: Rotational traction for a C4 grasses (Roche et al., 2008). 108 
Table 2.18: Peak torque vs rootzone characteristics (Gibbs et al., 1989) 112 
Table 2.19: Peak torque with and without denudation (Roche et al, 2008) 115 
Table 2.20: GoingStick shear resistance values (Caple et al., 2012 b) 123 
Table 2.21: r values (adapted from Torg et al, 1974) 127 
Table 2.22: Peak torque and r values (Torg et al, 1974) 127 
Table 2.23: Linear traction on AstroTurf and natural turf (Heidt et al, 1996) 129 
Table 2.24: Peak torque (Nm) and Release Coefficients (Heidt et al, 1996) 130 
Table 2.25: Peak torque and rotational stiffness (Livesay et al, 2006) 136 
Table 2.26: Peak torque and rotational stiffness (Villwock et al., 2009 b) 138 
Table 2.27: Rotational traction of three boot categories (Wannop et al, 2009) 140 
Table 2.28: Treaded shoe v smooth shoe, adapted from Wannop et al, 2010 141 
Table 2.29: Tibial and valgus torque, adapted from Kaila (2007). 146 
  Table 3.1: Characterisation of twelve rootzone treatments 159 
Table 3.2: CIST hardness of twelve rootzones at various soil moisture content 161 
Table 3.3: Shear strength of twelve rootzones at various soil moisture content 168 
Table 3.4: Physical characteristics of 14 rootzone treatments 177 
Table 3.5: CIST of nine rootzones with or without grass, near saturation 183 
Table 3.6: CIST hardness of nine rootzones near Field Capacity 184 
Table 3.7: CIST hardness of nine rootzones when droughted 185 
Table 3.8: Shear strength of nine rootzones with or without grass 187 
Table 3.9: Shear strength of nine rootzones when droughted 188 
Table 3.10: CIST and soil moisture on grassed vs bare plot over 18 weeks 196 
Table 3.11: CIST hardness values for three assessment dates 207 
Table 3.12: Soil moisture content from the No-thatch and Bare treatments 208 
  Table 4.1: Melbourne rainfall, 1971-2010 average compared to 2011 216 
Table 4.2: Ground assessments of 15 Santa Ana couchgrass football ovals 217 
  Table 5.1: Peak torque of C4 species, UB Turf Tester vs SBA 234 
Table 5.2: R2 values from lines of best fit 237 
ix 
 
Table 5.3: R2 values for 4 Nov 2011 assessments (n = 48). 242 
Table 5.4: Turfgrasses sown for rotational traction testing, Leigh Creek 254 
Table 5.5: Rotational traction, hardness, moisture and thatch, Dec 2010 258 
Table 5.6: Rotational traction, hardness, moisture and thatch, Jan 2011 259 
Table 5.7: Rotational traction, hardness, moisture and thatch, April 2011 260 
Table 5.8: Rotational traction, hardness, moisture and thatch, June 2011 261 
Table 5.9: Rotational traction, hardness, moisture and thatch, July 2011 262 
Table 5.10: Rotational traction, hardness, moisture and thatch, Sept 2011 263 
Table 5.11: Rotational traction, hardness, moisture and thatch, Nov 2011 265 
Table 5.12: Rotational traction, hardness, moisture and thatch, Dec 2011 266 
Table 5.13: Peak torque of grass species over a one-year period 272 
Table 5.14: Mean rotational stiffness of grass species over a full year 275 
Table 5.15: Peak torque on couchgrass and Paspalum varieties 283 
Table 5.16: Peak torque on couchgrass varieties (ANTEP plots) 284 
Table 5.17: Peak torque and rotational stiffness on ryegrass cultivars 288 
Table 5.18: Mean peak torque and rotational stiffness of three N regimes 291 
Table 5.19: Peak torque and rotational stiffness of different thatch treatments 295 
Table 5.20: Peak torque and rotational stiffness of high thatch vs low thatch 296 
Table 5.21: Rotational traction following simulated wear (summer) 300 
Table 5.22: Rotational traction following simulated wear (winter). 304 
Table 5.23: Summary: rotational traction on seven ovals tested in situ. 308 
Tables 5.24 - 5.30: Rotational traction vs groundcover for seven in situ fields  309-18 
Table 5.31: Rotational traction of couch and oversown couch, Dec 2010 324 
Table 5.32: Rotational traction of couch and oversown couch, June 2011 326 
Table 5.33: Rotational traction of couch and oversown couch, July 2011 327 
Table 5.34: Rotational traction of couch and oversown couch, Sept 2011 327 
Table 5.35: Rotational traction of couch and oversown couch (summary) 328 
Table 5.36: Rotational traction of couchgrass with increasing fines content 333 
Table 5.37: Rotational traction of couchgrass in three rootzones 336 
Table 5.38: Rotational traction of perennial ryegrass in a uniform soil type 337 
Table 5.39: Rotational traction of couchgrass growing in a uniform soil type 338 
Table 5.40: Rotational traction of perennial ryegrass with dry or wet foliage 340 
Table 5.41: Variation in rotational traction within turfgrass plots 344 
Table 5.42: Range in rotational traction over the full year. 345 
Table 5.43: Minimum and maximum traction due to single treatments 347 
  Table 6.1: Friction coefficients of five boot sole types on perennial ryegrass 360 
Table 6.2: Friction coefficients of five boot sole types on couchgrass 360 
Table 6.3: Rotational traction of three different stud configurations 364 
Table 6.4: Rotational traction of three stud lengths on perennial ryegrass. 369 
Table 6.5: Rotational traction of three stud lengths on couchgrass. 370 
Table 6.6: Rotational traction for 2, 3 and 6 x 16.5 mm studs on couchgrass. 371 
Table 6.7: Rotational traction for 2, 3 and 6 x 21 mm studs on couchgrass.. 372 
Table 6.8: Rotational traction with 16 mm studs at 26, 46 or 66 mm radius 373 
Table 6.9: Rotational traction with 13mm studs at 26, 46 or 66mm radius 373 
Table 6.10: Rotational traction of eight different boot types 380 
  Table A1: ACL injury data in the AFL 402 
Table A2: Knee injury numbers (Torg & Quedenfeld, 1973). 419 
1 
 
Chapter 1: Introduction  
 
Football provides many physical, mental and social benefits for individuals and for 
society. These are especially important in rural communities in Australia, for reasons that 
extend beyond the obvious physical benefits to participants (Townsend, Moore & 
Mahoney, 2002). However, these benefits need to be weighed against the costs of injury. 
The various codes of football involve an inherent risk of injury regardless of how good 
the surface and equipment (Mittelstaedt Jr., 1997), but injuries are not just freak events; 
they are the consequence of specific factors that can be identified and often modified to 
reduce risk (Finch, 2012; Mahler & Donaldson, 2010). Injuries can be categorised as 
contact or non-contact in nature, and specific injury risk factors can be classed as intrinsic 
or extrinsic, and modifiable (and possibly preventable) or non-modifiable (Emery, 2003).  
Where non-contact injury in football is attributed to ground conditions, this is mainly due 
to either excessive surface hardness or excessive rotational traction (Harper, Morehouse, 
Waddington & Buckley, 1984; Nigg & Yeadon, 1987; Rogers, Waddington & Harper, 
1988). Impact with the ground has been cited as an important factor in head injury 
(Guskiewicz & Mihalik, 2006; Naunheim et al., 2002; Naunheim, Parrott & Standeven, 
2004) and bone fracture (McMahon, Nolan, Bennett & Carlin, 1993), so there is an 
apparent increase in injury risk on harder/drier football grounds, although good quality 
evidence is lacking (Petrass & Twomey, 2012). High boot-surface rotational traction has 
been cited as a risk factor in knee and ankle injury (Cameron & Davis, 1973; Chivers, 
2008; Lambson, Barnhill & Higgins, 1996; Mueller & Blyth, 1974; Orchard, 2005; 
Scranton et al, 1997; Torg & Quedenfeld, 1971; Torg & Quedenfeld, 1973; Torg, 
Theodore, Quedenfeld & Landau, 74).   
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Figure 1.1 depicts several agronomic (soil and plant) conditions that have been shown to 
or are thought to influence surface hardness and/or rotational traction. All of these are 
extrinsic and modifiable to some extent.  
 
Figure 1.1: Factors involved in surface hardness and rotational traction of natural turf  
 
The most important agronomic modifier of surface hardness is water. Irrigation can be 
used to soften a ground if it is too hard. Also, irrigation allows a turf manager a wide 
range of turfgrass options; perhaps a species with low rotational traction. Unfortunately, 
the southern Australian experience has been that irrigation of football grounds is one of 
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the first casualties when water restrictions are imposed during droughts. The existing 
literature provides evidence on the influence of many of the agronomic factors depicted in 
Figure 1.1, but in only one report (Henderson et al., 2007) were some of these factors 
considered under drought conditions. The lack of understanding of surface hardness and 
rotational traction behaviour in drought was a major gap in the knowledge. This, in turn, 
led to a crisis for community- level football during the prolonged drought of 1997-2010, 
when irrigation on the majority of grounds was prohibited. Where the turfgrass surface 
was sown to perennial ryegrass (Lolium perenne L.), the inability to irrigate over summer 
resulted in the death of most of the turf sward, as seen in the foreground in Figure 1.2. 
The surviving plants were widely spaced, with hard, bare ground in between. 
 
Figure 1.2: Community-level, unirrigated Australian football field (Ballarat, December  2009) 
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A solution to the survival problem was to use a more drought resistant grass such as 
couchgrass (Cynodon dactylon (L.) Pers. and hybrids). A natural invasion of common 
couchgrass can be seen providing near full groundcover in the goalsquare in Figure 1.2, 
even though that area suffers high wear and compaction. Couchgrass has been shown to 
sustain year-round turfgrass coverage in southern Australia without any supplemental 
irrigation (Ford, 2000; Ford, 2005). It also has a number of other advantages over 
perennial ryegrass in terms of sustainability.  
However, epidemiological evidence in elite-level Australian football had linked this 
species to a high risk of knee injury, which was attributed to its high rotational traction 
and tendency for ‘foot fixation’ during evasive manoeuvres. This evidence led to a strong 
recommendation to use perennial ryegrass on football grounds, and to not use couchgrass 
(Orchard, 2005).  
In addition to this, there was scepticism among ground managers that a summer-active 
species such as couchgrass could sustain turf coverage and playing quality during winter. 
So ground managers were faced with a dilemma, especially regarding turfgrass species 
selection, and had very little information to assist in their response to the drought.  
Australia is the driest inhabited continent, and although that ‘Millennium Drought’ is 
over, future droughts and water restrictions are inevitable. The only uncertainty is the 
effect that climate change might have on the frequency and longevity of these future 
droughts and on summer temperature extremes (Climate Commission, 2011).  
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Purpose and Research Questions 
 
The overall aim of this thesis is to provide objective information that will improve the 
agronomic response to these future droughts. The purpose of the initial phase was to 
identify and assess the influence of several agronomic variables on surface hardness and 
rotational traction. The existing literature showed that many of those variables interacted 
in complex ways, so the focus was on controlling potential confounders and assessing the 
influence of a specific agronomic variable on hardness or traction, in isolation where 
possible. This phase of the research required multiple, discrete experiments, testing and 
either discarding or pursuing lines of enquiry. The second aim was to identify the 
agronomic factors that had the clearest, most consistent influence and highest leverage on 
either hardness or rotational traction, and to use that information to develop practical 
strategies that were achievable in community- level football. The final aim was to 
reconcile the strategies for avoiding excessive hardness with those for avoiding excessive 
rotational traction. Ideally, some strategies would be complementary, or at least not 
contradictory, allowing the development of a unified, coherent strategy to avoid both 
problems, and ultimately minimise ground-related, non-contact injury risk.  
To achieve these outcomes, the thesis aimed to answer the following questions:  
1. What influence does soil moisture content and drought have on surface hardness? 
2. In the absence of adequate soil moisture, what influence do agronomic factors such as 
soil type and turfgrass coverage have in preventing excessive surface hardness?  
3. Will couchgrass provide an acceptable playing surface during a winter football season? 
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4. Is the rotational traction of couchgrass higher than other species, such that it indicates a 
higher risk of ACL injury? In particular, how does the rotational traction of couchgrass 
compare to perennial ryegrass?   
5. What influence do other agronomic factors such as soil type, thatch depth, turf 
coverage and time of year have on rotational traction and apparent ACL injury risk?  
6. What influence does boot type and stud configuration have on rotational traction? 
7. Is there a clear, consistent, highly-leveraged and practical agronomic strategy that can 
prevent both excessive surface hardness and high boot-surface rotational traction?  
 
Assumptions 
 
The following assumptions underpin this research;  
1. That high surface hardness and high rotational traction are, in fact, injury risk factors in 
football that need to be moderated.  
2. That the assessment devices used in the thesis provide reliable, continuous, ratio scale 
data that are suited to statistical analysis.  
 
Delimitations 
 
1. The data and any recommendations are relevant and applicable to community- level 
football in southern Australia, in the context of drought. They are not intended to be 
relevant to elite-level football, or to different climatic conditions or to areas where 
irrigation is unlimited.  
7 
 
2. The range of turfgrass species and varieties tested is confined to those that can be 
grown successfully in the research location (Ballarat). Of particular relevance, this 
eliminates kikuyu, seashore Paspalum, Zoysia, some cultivars of couchgrass and the 
perennial form of Poa annua.   
3. The thesis focusses on agronomic conditions and will not attempt any epidemiological 
or human-subject research.  
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Chapter 2: Literature Review 
 
There are three interlinked themes in this thesis. The first issue is the inevitability of 
drought and water restrictions for football grounds in southern Australia, and the 
consequent difficulty in sustaining turfgrass coverage.  The inability to irrigate gives rise 
to the second issue, excessive ground hardness and the possibility of injury to footballers. 
The third issue is that drought tolerant turfgrasses such as couchgrass are reported to 
increase the risk of knee and ankle injury due to their high rotational traction. This 
chapter will review the relevant literature in these three areas.   
 
Turfgrass Species and Sustainability 
 
The word sustain derives from the Latin roots tenere (to hold) and sus (up), so the literal 
definition, and the sense in which it is used in this thesis, is to endure. A broader 
interpretation of this is maintaining turfgrass aesthetic quality and performance but with a 
reduced dependence on natural resources and agrichemicals (Cisar, 2004). A sustainable 
turfgrass system has also been described as one where the three domains of environmental 
sensitivity, social benefit and economic viability intersect (F.Rossi, pers.commun., 2012).  
 
Figure 2.1: Sustainable turfgrass model suggested by Rossi (2012) 
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In community- level football there are economic constraints that limit inputs such as 
labour, turf management expertise, fertilizers and pesticides. The social considerations 
relate on one hand to the individual and collective benefits from participation in 
community sport, and on the other hand to the need to minimise preventable ground-
related injury. The overwhelming environmental constraint in community- level football 
in southern Australia is the lack of irrigation water during drought. 
South-eastern Australia routinely experiences summer temperatures in excess of 40oC. 
The two largest cities, Sydney and Melbourne, have both recorded temperatures above 
46oC (Australian Bureau of Meteorology, 2013). The Australian climate is greatly 
influenced by the Southern Oscillation Index, which is calculated from sea temperatures 
and atmospheric pressures in the oceans to Australia’s north. Periods where the index is 
negative, so-called El Niño events, lead to drought conditions in southern Australia. The 
most recent El Niño event caused a drought from April 1997 to March 2010, known as 
the ‘Millennium Drought’, during which much of south-eastern Australia experienced its 
lowest rainfall on record (Australian Bureau of Meteorology, 2010). So the south-eastern 
Australian climate is characterised by very high maximum temperatures that can be 
experienced in any summer heat wave, and the periodic return of El Niño droughts. In 
addition to this, the climate appears to be changing. The Australian Commonwealth 
Scientific and Industrial Research Organisation and the Bureau of Meteorology have 
documented a downward trend in rainfall in southern Australian since 1960, an increase 
in maximum and minimum temperatures since 1950 and a trend to lower soil moisture 
levels (Hennessy et al., 2008). In the four months November 2012 to February 2013, a 
non-El Niño period, Melbourne recorded a total evaporation rate of 960 mm and a rainfall 
of only 145 mm (Australian Bureau of Meteorology, 2013), and this latest summer 
(2012/13) was the hottest on record in Australia (Steffen, 2013).  
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The imposition of water restrictions in Melbourne during the millennium drought meant 
that only one in four sportsgrounds could be watered with potable water (Levy, 2010). 
While the effects of water restrictions on sportsgrounds were never formally documented, 
the common experience on grounds sown to perennial ryegrass was the loss of a high 
proportion of the plant population over summer, with only widely-spaced individual 
plants surviving. This led to a clumpy surface with a high proportion of bare ground. 
Couchgrass swards, in comparison, remained intact and survived with full groundcover 
(Figure 2.2). During the drought years, the lack of grass cover and excessive surface 
hardness led ground authorities to close many fields for safety reasons. These closures 
were reported to disproportionately affect lower grades of sport and participants in less 
advantaged segments of the community (Milne, English, Weller, Cary & Gray, 2011).  
 
Figure 2.2: Section of an unirrigated community-level football ground in rural Victoria, October 
2009. The grass on the left is couchgrass, and on the right are the surviving, widely-spaced 
perennial ryegrass plants.  
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Above ground biomass is the single most important factor affecting a player’s perception 
of the quality of a football field (Bell & Holmes, 1988). It also has a major influence on 
ground hardness (Rogers, Waddington & Harper, 1988; Sifers & Beard, 1997). Sifers & 
Beard (1997) concluded that the reduction in surface hardness provided by turfgrass 
coverage was a key factor in reducing football injury.  
While there are over twenty grass species used in various turf applications, there are 
effectively only eight turfgrass species used on Australian football grounds, as listed in 
Table 2.1. Most southern Australian sportsgrounds are planted to either perennial 
ryegrass, common couchgrass, hybrid couchgrass or kikuyu. The annual weed volunteer 
Poa annua is also a frequent component of football fields over winter unless controlled 
by herbicides. Some couchgrass or kikuyu fields are oversown with perennial ryegrass to 
create either a permanent blend, or a temporary blend just for the winter football season.  
Table 2.1: The main turfgrass species used on Australian football grounds 
 
      
Common name Genus and species Group Growth Habit 
Perennial ryegrass Lolium perenne L. C3 Tillering 
Tall fescue Festuca arundinacea Shreb. C3 Tillering 
Kentucky bluegrass Poa pratensis L. C3 Creeping 
Winter grass, Poa Poa annua L. C3 Tillering 
    
Common couchgrass Cynodon dactylon (L.) Pers. C4 Creeping 
Hybrid couchgrass C.dactylon x C. transvaalensis Burtt-Davy. C4 Creeping 
Kikuyu Pennisetum clandestinum Hochst ex Chiov. C4 Creeping 
Seashore paspalum Paspalum vaginatum Swartz. C4 Creeping 
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These species can be split into two groups relating to their mechanism of photosynthesis. 
The C3 (or Cool Season) turfgrasses employ a pathway that initially forms a three-carbon 
molecule, whereas the C4 (or Warm Season) turfgrasses have an alternative pathway that 
initially forms a four-carbon molecule. That alternative pathway results in C4 grasses 
having superior drought and heat resistance compared to C3 grasses (Beard, 1973; Ford, 
2005; Fry & Huang, 2004).  
The turfgrasses can also be separated into those that produce multiple stems (tillers) from 
a central crown and those that are able to creep by stolons (modified stems that creep over 
the surface) or rhizomes (modified stems that move laterally below the ground). A 
creeping habit allows the recovery of denuded areas. Tillering grasses, however, are 
unable to re-cover areas where turfgrasses have died out, and the sward of tillering 
grasses can become clumpy if the population density is reduced and each surviving plant 
has more space to grow in.  
Creeping behaviour and method of photosynthesis have no intrinsic relationship. Some C3 
grass species have rhizomes and stolons, while others are tillering. Kentucky bluegrass 
(Figure 2.3) is an example of a C3 species with rhizomes, whereas perennial ryegrass 
(Figure 2.4) and tall fescue are tillering grasses. As shown in Table 2.1, kikuyu (Figure 
2.5) and couchgrass (Figure 2.6), Paspalum and Zoysia have both a C4 physiology and the 
ability to move laterally. The combination of C4 physiology and creeping ability provides 
major benefits in terms of heat and drought resistance and sward recovery from 
denudation for turfgrasses on sportsfields in a climate affected by heat and drought.  
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Figure 2.3: Kentucky bluegrass plant showing rhizomes  
 
   Figure 2.4: Perennial ryegrass plant with several tillers 
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Figure 2.5: Kikuyu, showing stolons 
 
Figure 2.6: Common couchgrass, showing stolons 
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Couchgrass is called green couch in northern Australia, bermudagrass in the US, and 
various other names throughout the world. Common couchgrass (Cynodon dactylon) can 
be hybridised with South African couch (C. transvaalensis). There are several improved 
cultivars of both common couch and hybrid couch with high density and turf quality. The 
Cynodon cultivar most commonly used in south-eastern Australia, and in the research in 
this thesis, is the hybrid cultivar, ‘Santa Ana’. For convenience this thesis will use the 
Australian common name couchgrass, and will use it to encompass both common and 
hybrid couchgrass.  
The south-eastern area of Australia has a Mediterranean climate with wet winters, dry 
summers and four distinct seasons. Only a very small proportion of the area experiences 
minimum temperatures approaching – 7oC, conditions that could cause Winter Kill of 
couchgrass, although that area does include Canberra. The other major population centres 
of south-eastern Australia, including Sydney, Melbourne and Adelaide, have had no 
recorded instances of Winter Kill of couchgrass.  
Extensive field trials by the Victorian Golf Association have shown that couchgrass 
swards survived and provided full groundcover in south-eastern Australia without 
irrigation even during periods of drought (Ford, 2000; Ford, Nickson & Fitzgerald, 2006). 
The recent experience with perennial ryegrass swards, on the other hand, is that without 
adequate irrigation inputs a high percentage of the plants die from summer heat and 
drought stress leaving a small population of widely spaced survivors. These survivors are 
unable to re-colonise in autumn due to their lack of creeping ability.  
In addition to drought resistance and creeping behaviour, couchgrass has other advantages 
relevant to sustainability; high heat tolerance (Fry & Huang, 2004), high salinity tolerance 
(Ford, Nickson & Fitzgerald, 2006), high wear tolerance (Bayrer, 2006; Roche, 2011), 
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low fertility requirement (Dudeck, Peacock & Freeman, 1985), low input requirement  
(Ford, 2000) and tolerance to a wide range of herbicides for weed control. The practical 
experience is that it can be maintained at low cost and under low inputs. Its major 
advantage is its ability to survive drought with a full groundcover and intact sward.  
It has two main disadvantages. Couchgrass has very poor tolerance to shade and low light 
intensity, and it experiences winter dormancy in temperate climates. A third disadvantage 
is due to a link that was made between the use of couchgrass and an increase in knee and 
ankle injury risk in football (Orchard, 2005).  
Low light intensity can range from haze through to the direct shade caused by 
grandstands or trees (Wilson, 1997). Couchgrass is unsuitable in all these situations, 
although perennial ryegrass has poor shade tolerance as well (Fry & Huang, 2004). South-
eastern Australia has high levels of solar radiation even in the capital cities so any 
significant light limitation for couchgrass will be from direct tree or building shade, 
which is site specific.  
With respect to winter dormancy, the experience in southern Australia is that the 
preferred couchgrass varieties are dormant for around two months, from late June to late 
August. During dormancy the sward completely loses greenness, which is aesthetically 
undesirable. This creates a perception that couchgrass football fields are not viable in 
southern Australia in non-drought years, as football is played through the winter, when 
the grass is dormant and soils are at their wettest. As a result of the 1997-2009 drought, 
couchgrass football fields are now much more prevalent in southern Australia, yet their 
winter performance has not been formally evaluated.  
The third reported disadvantage of couchgrass, the epidemiological evidence that it poses 
a greater risk for non-contact knee and ankle injuries in football compared to perennial 
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ryegrass, has been attributed to couchgrass having high rotational traction (Chivers, 
Aldous & Orchard, 2005; Orchard, 2005; Orchard, Chivers, Aldous, Bennell & Seward, 
2005). While the evidence is compelling, the research did not include comparative tests of 
the rotational traction of couchgrass and perennial ryegrass, and this information is still 
lacking.  
In summary, couchgrass has many advantages over perennial ryegrass with respect to 
sustainability. However, its performance as a football surface during a winter with normal 
rainfall needs to be formally assessed, and its rotational traction needs to be compared to 
perennial ryegrass. A third unknown is the effect of its intact sward on surface hardness in 
situations of drought. These will be central questions in this thesis. 
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Surface Hardness and Natural Turf Football Fields 
 
The Physics of Surface Hardness and Impact 
Ground impact from falling or being slung to the ground has the potential to cause acute 
injury in football. The injury potential from an impact involves three fundamental 
elements: the kinetic energy and force involved, the rate of deceleration upon impact, and 
the impact pressure experienced by the body. These three elements are explained by 
classical Newtonian laws and are applied in many areas of injury study such as car 
accident or children’s playground injuries. The following paragraphs review their 
application in the context of football ground hardness.  
Kinetic Energy and Force 
The kinetic energy of a weight on impact is measured in joules (J), which can be 
calculated from the mass and velocity at impact:  
KE joules    =     ½  m  v2           where     m = mass kg         v = velocity m/s 
  and           v2          =     2 g d                where      d = distance m       g = 9.81 m/s2   
A human head of 4.6 kg weight falling from a height of 2 metres, for example, develops a 
velocity of 6.26 m/s (v2 = 39.2) and a kinetic energy of 90 J at impact with the ground. To 
put this into context, Viano (2005) measured the mean head velocity of colliding 
American National Football League (NFL) players at 9.3 m/s (Viano, 2005).  McIntosh 
and colleagues (2000) reported that incidents involving concussion in Australian football, 
mainly from contact with another player, involved a change of velocity of the head of 4 
m/s and a head impact energy of 56 J (McIntosh, McCrory & Comerford, 2000).  
19 
 
Head impact on the ground can be regarded as inelastic, so virtually all the head’s kinetic 
energy is converted to Impact Energy (∆KE J). That energy can be converted to an 
average impact force value using the formula:  FN  =  ∆KE J / d m  where d in this case is 
the ground deformation distance from first ground contact to stopping. The direct 
influence of ground deformation on impact force is explained by this formula. On a hard 
football ground this deformation might be only 3 mm, so the 90 J of energy of the falling 
head would involve a total impact force of 30,000 Newtons (N). Some of that force is 
transferred into the ground, but some proportion is retained within the body, potentially 
causing injury.  
Deceleration 
Using Newton’s Second Law (F = ma), an impact force of 30,000 N on a 4.6 kg weight 
results in an acceleration of 6,522 m/s2, which is 665 times the normal gravitational value 
of 9.81 m/s2, or 665 gravities (g). Alternatively, the rate of deceleration from a fall can be 
calculated from the change in velocity on impact (v – vo, where v = final velocity and vo = 
velocity at impact, in m/s), the stopping distance (dm), and the gravitational field (g, 9.81 
m/s2), using the formula   a gravities = v2 – v2o / 2 dm g  (Barth, Freeman, Broshek & 
Varney, 2001). Assuming the final velocity from the fall is zero, the formula simplifies to:  
ag  =  - v2o / 2dg. The value is negative, indicating deceleration (stopping) rather than 
acceleration. A 4.6 kg head falling from 2 m would develop an impact velocity of 6.26 
m/s. Assuming the stopping distance from the impact on a hard ground was only 3 mm, 
the deceleration would be 666 gravities (g), the same as calculated earlier. In contrast, the 
deceleration of a head landing on a gymnastics tumbling mat, with a deformation depth of 
0.1 m, would only be 20 g. As with impact force, the key determinant of deceleration is 
the amount of ground deformation. 
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Impact Pressure 
The third element influencing injury potential is the surface area of impact, or more 
fundamentally the impact energy per unit area (in J/cm2), or the impact force per unit 
area, or impact pressure (in N/m2, which is equivalent to the pressure unit Pascal, Pa). 
Impact pressure is not widely discussed in the literature, although all surface hardness 
testing devices will necessarily have an impact surface area which should be factored into 
the interpretation of their deceleration measures. In the 4.6 kg head impact example, if the 
contact surface on the head is 10 cm x 10 cm then the 90 J impact energy would create an 
impact energy per unit area of 0.9 J/cm2. The impact pressure is calculated using the 
impact force value calculated earlier (FN = ∆KE J / d m  =  30,000 N, with a ground 
deformation of 3 mm) and the formula P Pa = F N / A m2  to calculate an impact pressure 
of 3,000,000 N/m2 or Pa, or 3,000 kPa. Again the importance of ground deformation is 
demonstrated. The depth of ground deformation directly affects the impact force, and 
hence the deceleration and impact pressure experienced by the body. Some proportion of 
the impact force is transferred into the ground, but some is retained within the body where 
the acceleration and mechanical forces can result in stretching, compressing or bending of 
biological structures. If these forces exceed the strain limits of these structures (e.g. the 
strain limit of nerve axons or bones), then injury will result. 
Surface stiffness and deformation 
Surfaces can be described as point impact or area elastic surfaces. On a trampoline, for 
example, the energy passing into the surface results in elastic distortion of a larger area 
than just the immediate impact area. On a concrete floor or football ground, however, area 
distortion effects are negligible and the impact is referred to as point impact (Stefanyshyn 
& Nigg, 2003). While a small amount of energy is lost through heat, sound and vibration, 
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nearly all of the impact force either passes into the surface or stays within the body, 
depending on the stiffness and deformation of the surface. The term stiffness is equivalent 
to hardness in a materials science context and is the ratio of force applied by the falling 
body to force passed into the surface by deformation (Canaway, 1985a).  
The energy transferred into the surface can be expressed as E surface J  =  ½ k N/m  x2m , 
where k = stiffness and x = deformation (Stefanyshyn & Nigg, 2003). So the energy 
transferred into the surface varies linearly with stiffness but exponentially with 
deformation. Energy that is transferred to the surface is not returned to the athlete. The 
optimum stiffness and deformation depends on the sport and whether it is desirable to 
return energy to the athlete (e.g. running), or retain it in the surface (e.g. tumbling).   
Running is an important aspect of performance in football, but optimising the surface for 
running needs to be balanced with the requirements for safety. Running involves planting 
a foot, which is equipped with the skeletal and muscular system of the leg and body to 
absorb the returned energy between strides. During medium paced running, vertical forces 
are in the range 2 – 3 bodyweights and may be at a maximum in the push-off phase 
(Dixon, James, Blackburn, Pettican & Low, 2008; Guisasola et al., 2009; James, Dixon, 
Blackburn & Pettican, 2006). In contrast, ground reaction forces (GRFs) may be up to 18 
times bodyweight in a single leg landing from a jump (McNitt-Gray, 1993). And in 
uncontrolled and unanticipated falls, where the impact may not be borne by a foot but by 
a more susceptible part of the body such as the head, the body has little or no time to 
prepare by muscular adjustment. The kinetic energy converts to impact energy over a 
short period of time (e.g. 50 milliseconds) and in a single phase. So football surfaces must 
provide conditions that compromise between adequate running performance but are safe 
to land and fall on. Excessively hard surfaces can cause jarring and soreness and a greater 
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chance of injury from falls, while low surface resilience can lead to fatigue (Canaway, 
1985a). Comparisons between objective hardness measurement and the subjective rating 
of surface hardness by players reflect their concern with injury and soreness from 
excessive hardness, and their concern that a lack of hardness will reduce athletic 
performance (Chivers, 2008).  
As a point elastic surface, the amount of deformation of a natural turf surface will depend 
on grass coverage and soil texture, density and moisture content (Baker, 1991; Sifers & 
Beard, 1997). A natural turf surface that is considered excessively hard will have high 
stiffness and low deformation, so devices that measure either or both of these would 
appear to be applicable to studies investigating the effects of agronomic variables on 
surface hardness. Various hardness testing devices have been developed for performance 
or injury applications, and hardness evaluation is also applied to inform maintenance 
practices and in testing for compliance to construction standards (Bartlett, James, Ford & 
Jennings-Temple, 2009).  
Surface Hardness Measurement 
A valid hardness test must produce unbiased and reproducible data and be able to 
distinguish between an unacceptable and an acceptable surface in the context being 
studied, whether that be injury-related, performance-related or measuring compliance to a 
construction standard (Kolitzus, 2003; Twomey, Otago, Ullah, & Finch, 2011). Test 
values should correlate well with other dependent variables, if these are known, (Nigg, 
1990) such as player perceptions or prospective injury data (Chivers, 2008; Orchard, 
2001; Twomey & Finch, 2009; Twomey, Finch, Lloyd, Elliott & Doyle, 2012).  Practical 
issues such as cost, robustness, portability and ease of maintenance are important if the 
test device is to be widely adopted.  
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The earliest standardised test to measure football ground hardness was the ball bounce 
test documented by the UK Sports Council in 1982. It measured the rebound percentage 
of a FIFA-approved ball inflated to 62.1 kPa, dropped from 3 m high. (Canaway, 1983). 
This test is more relevant to playing performance than injury. Another tool used to 
measure the hardness of natural turf is the penetrometer. This tool measures the depth of 
penetration of a narrow cone or rod into a surface after impact from a falling weight or 
other applied force. There are many different types with variations in applied force and tip 
configuration (Vanags, Minasny & McBratney, 2004). The racetrack penetrometer 
measures the penetration of a 1 cm2 square steel tip following the impact of a 1 kg weight 
dropped from a height of 1 m. There is high variation in racetrack penetrometer readings 
due to operator bias (Twomey et al., 2011). It has been used to quantify ground hardness 
in an Australian Football League (AFL) injury surveillance program (Orchard, 2001) but 
its validity has been questioned, as the penetrometer tip is narrow and moves some 
centimetres into the soil, unlike the human body with its broader area of impact (Ford, 
1999). Penetration measures are still used in some studies on sportsfield hardness (e.g: 
Macolino, Recchia, Scotton & Ziliotto, 2004; Morhard & Kleisinger, 2004; Takemura, 
Schneiders, Bell & Milburn, 2007).  
Accelerometers are now the main tools to assess ground hardness in football. The 
accelerometer is embedded within a weighted missile which is dropped onto the test 
surface from a set height, and the rate of deceleration measured. There are three main 
applications of the acceleration/deceleration values. Firstly, the rate of deceleration can be 
measured and applied on its own, as the maximum deceleration reached (Gmax). Secondly, 
the rate of deceleration can be interpreted in combination with a measurement of the 
depth of surface deformation. Thirdly, the impact deceleration can be viewed over time.  
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Hardness tests: Gmax 
 
A widely used implement that measures Gmax in gravities (g) is the Clegg Impact Soil 
Tester (CIST) developed by Dr. Baden Clegg Pty Ltd in Western Australia (Figure 2.7). It 
was developed for civil engineering applications but has been widely adopted to quantify 
the hardness of sports surfaces, as will be seen in the studies examined later in this 
review. Typical Gmax values are shown in Table 2.2.  
 
Table 2.2: A comparison of CIST readings (2.25 kg hammer x 30 cm drop, recording only the 
fourth drop) on various surfaces (Sifers & Beard, 1997)  
Surface Type CIST Value (g) 
Cement floor 1426 
Basketball court (wood) 640 
Football stadium – outdoor, 4 year old artificial surface 175 
Football stadium - indoor, 1 year old artificial surface 141 
Baseball - natural turf field (couchgrass) 100 
 
 
Research using the CIST on natural turf in the 1980s and 1990s (e.g. Baker, 1991) usually 
used a 0.5 kg hammer over a drop height of 30 cm or 55 cm. Later turf studies have 
adopted a 51 mm diameter, 2.25 kg hammer over a 45.7 cm drop, the test for natural turf 
codified by the American Society for Testing and Materials (ASTM, 2002). The kinetic 
energy and impact energy of these CIST variations is obviously different, as shown by the 
calculated values presented in Table 2.3. This makes it difficult to compare data from 
tests using different CIST configurations.  
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Table 2.3: Kinetic energy (J) and impact energy (J/cm2) calculated for three CIST configurations 
 
CIST configuration KE J    Impact Energy J/cm2 
0.5 kg hammer x 30 cm drop 1.5 0.075 
0.5 kg hammer x 55 cm drop 2.7 0.137 
2.25 kg hammer x 45.7 cm drop 10.1 0.515 
 
 
Figures 2.7: Clegg Impact Soil Tester 
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As well as differences in hammer weight and drop height, another CIST variable is the 
drop value recorded. Chivers (2008) tabulated the various CIST configurations and 
methods used over the years and noted that data can only be directly compared if the 
hammer weight, height of drop and drop number recorded was the same. Some authors 
have quoted the first drop, or the third or fourth drop, and some others used an average of 
the first three or four drops (Chivers, 2008). In one report by Baker, Hannaford and Fox 
(2001) hardness data up to the tenth drop were reported. For convenience in this thesis the 
CIST configuration will be summarised in brackets. A CIST configuration using a 2.25 kg 
hammer dropped from 45.7 cm with only the first drop recorded will be noted as (2.25 kg 
x 45.7 cm, 1st drop). This is the test specified by the ASTM in their F1702-96 Gmax 
procedure for natural turf fields (ASTM, 2000; ASTM, 2002).  
The ASTM standard does not actually set a threshold for safety. The literature contains 
three CIST maximum hardness recommendations. An upper threshold of 150-175 g has 
been suggested for natural turf fields in Ohio (Mancino, Darrah, Holdren & Sherratt, 
2006) with an acceptable range between 60-95 g. Research in Queensland, northern 
Australia, concluded that CIST values for community-level football grounds above 150 g 
are “cause for concern”, and that the absolute upper limit for play should be set at 200 g 
(McAuliffe & Roche, 2009, p 22). In southern Australia a CIST upper threshold value of 
120 g is commonly adopted, based on the recommendation of Chivers and Aldous from 
research conducted in elite Australian football (Chivers & Aldous, 2003). The question of 
a reliable upper threshold for football is critical, but as yet the epidemiological evidence 
has not provided sufficient guidance on what that upper threshold should be.     
Unlike its standard for natural turf which uses a CIST, the ASTM F355 test for synthetic 
turf fields (ASTM, 2001) specifies a device with a 9 kg accelerometer that captures Gmax 
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plus the full time-deceleration data in order to calculate a Stress or Severity Index (SI) 
value and a Head Injury Criteria (HIC) value. In terms of Gmax it sets an upper threshold 
of 200 g using the 9 kg device, which is equivalent to a CIST value of 123 g according to 
the conversion determined by McNitt and colleagues (2004):  
F335 Gmax (0.66) – 9.3  =  CIST Gmax    R2 = 0.95 (McNitt, Landschoot & Petrunak, 2004).  
It is unclear why the ASTM specifies different devices and standards for natural turf and 
synthetic turf, or why it sets a threshold for synthetic turf but not for natural turf. On 
synthetic fields the CIST correlates well (R2 = 0.95) with more sophisticated impact 
measuring devices such as the 9 kg accelerometer device specified by the ASTM for 
synthetic fields (McNitt, Landschoot & Petrunak, 2004) and with the Berlin Artificial 
Athlete (R2 = 0.9106) on a range of synthetic surfaces (Fleming & Young, 2006).  
The CIST is consistent over time and between operators with a reported inter-rater 
reliability of 0.87 (Twomey et al., 2011). It is portable and affordable, can be periodically 
tested for accuracy, and consequently its Gmax value (2.25 kg hammer x 45.7 cm, 1st drop) 
is widely accepted in turf and injury research and in standards testing. (ASTM, 2000; 
McNitt, Landschoot & Petrunak, 2004). 
 
Hardness tests: deceleration over time 
Bell and colleagues (1985) identified several components of an impact that may be 
relevant to the shock experienced by a human body on ground impact, such as impact 
duration, time to reach Gmax, average deceleration, area under the deceleration versus time 
curve, deformation of the surface and surface restitution time (Bell, Baker & Canaway, 
1985). The duration of impact is a critical factor in brain trauma (Mackay, 2007) so head 
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injury risk might be better characterised by a deceleration-time analysis rather than a 
simple Gmax value. Consequently, some researchers have modified the CIST output to 
capture the full time-deceleration history (e.g. Chivers, 2008; Fleming & Young, 2006; 
Rogers III & Waddington, 1990a; Rogers III & Waddington, 1990b; Rogers & 
Waddington, 1993). The relationship between deceleration and impact duration on natural 
turf is usually represented by a curve, and as both Gmax and the duration of impact 
influence the degree of trauma, the area under the curve can be manipulated to create 
some version of a Stress or Severity Index (SI) value (Morehouse, 1992). Cadaver studies 
led to the development of the Wayne State Tolerance Curve relating impact and SI values 
to the probability of skull fracture (Guskiewicz & Mihalik, 2006). SI values have also 
been graphed against the probability of various grades of head injury (Mackay, 2007).  
A device that was developed specifically for the study of head injury and brain trauma is 
the uniaxial accelerometer impact tester (e.g. HISUN Uniaxe II Impact Tester), which 
uses a 4.5 or 5 kg headform fitted with a uniaxial accelerometer. The headform is dropped 
from various heights to generate a stress index measure known as Head Injury Criteria, or 
HIC value. Various organisations set compliance standards in areas such as playground 
construction using HIC values and critical fall height interpretations of these data (e.g. 
ASTM F355, 2001; AS/NZS 4422, 1996). Critical fall height is the height at which Gmax 
reaches 200 g or HIC values reach 1000. Shields and Smith (2009) measured critical fall 
heights of 0.15 m on concrete, 0.6 m on dry dirt, 1.2 m on artificial turf and 1.07 – 1.37 m 
on a natural grass surface with dry soil. When soil moisture on the natural grass was 
increased by 35%, Gmax values fell by 52 g and HIC values fell by 361. When soil 
moisture was increased by 50%, Gmax fell by 79 g and HIC values by 470, although there 
was a lot of variation in the results (Shields & Smith, 2009). Theobold and colleagues 
(2010) set their critical fall height to a HIC value of 400, and found a range of 3rd 
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generation synthetic surfaces had a critical fall heights around 0.8 m. A natural turf 
surface had a critical fall height of 0.5 m in a high-use zone, where one would assume the 
grass was thinner and the soil more compacted. In a low-use zone the natural turf HIC 
values did not exceed 200 even at the maximum height of the apparatus (1.8 m), so they 
were unable to determine a critical fall height, except as greater than 1.8 m (Theobald, 
Whitelegg, Nokes & Jones, 2010).  
 
Hardness tests: deceleration and ground deformation 
Another group of hardness-testing devices integrate both Gmax and ground deformation 
values, which are manipulated to create a Force Reduction Factor (FRF) as a percentage 
of a benchmark surface, usually concrete. Various devices are used, as reviewed by Nigg 
& Yeadon (1987) and Fleming & Young (2006). Some devices such as the Prima, PeakG, 
Stuttgart Artificial Athlete and the Berlin Artificial Athlete, drop a weight onto a spring to 
create a dampened impact onto a test foot, rather than a direct impact. Another device 
used a shoe rather than a test foot, to better simulate forces experienced by the athlete 
(Andreasson & Peterson, 1986). A load cell and displacement cell measure the reaction 
force, the deformation of the surface and the loss of mechanical energy of the surface to 
generate a Kraftabbau (force reduction) percentage, referenced to a concrete surface 
benchmark (Fleming & Young, 2006; Nigg & Yeadon, 1987).  
The weight, drop height, spring stiffness, foot diameter and pulse time varies between 
these devices, however, making it impossible to directly compare their results. Nigg & 
Yeadon (1987) and Fleming & Young (2006) provided comparisons of the parameters 
and output of some of these devices, as summarised in Table 2.4. 
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Table 2.4: Comparison of impact devices, summarised from Nigg & Yeadon (1987) and Fleming 
& Young (2006).  
 
          
Device  
Drop Drop   Impact  Load Potential 
Weight (kg) Height (mm) Diameter (mm)  Pulse (ms) Energy (J) 
Clegg Impact Hammer 2.25 450 50 2 10 
Stuttgart Artificial Athlete 50 30 50 150 15 
Berlin Artificial Athlete 20 55 70 10 to 20 11 
Prima 10 300 to 700 100 to 300 13 30 to 70 
Peak G 4.6 10 curved 2 0.45† 
† listed as 46 J on Fleming’s table, possibly in error 
 
The development of new and different hardness devices represents the attempts by 
various research teams to increase the validity of tests. Some authors question the validity 
of even the more expensive tools, especially as the human body can be intuitive in its 
lower limb adaptation to surface conditions (Dura, Hoyos, Martinez & Lozano, 1999). 
Impact tests are materials tests, which Nigg suggested should not try to predict the 
potential of a surface to cause injury (Nigg, 1990; Nigg & Yeadon, 1987). Attempts have 
been made to characterise human-surface GRFs in sports manoeuvres by measurements 
on athletes. James and colleagues (2006) used pressure transducers buried at 100 mm, 200 
mm and 350 mm in a sandy loam profile to measure the soil pressure changes during 
athlete trials. The soil was tested at two different densities, 1.46 g/cc and 1.59 g/cc. They 
concluded that pressure transducers at 100 mm depth provided good information to 
characterise forces from an athlete (James et al., 2006). The increasing weight of a runner 
was accurately reflected in the pressure and loading measurements. Pressures from 
running were higher on the higher density sample compared to the lower density sample, 
but the differences were not significant. Transducers at 200 mm or 350 mm depth showed 
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very low pressures and were unsuitable for characterising the surface forces from the 
runners. This led to the conclusion that 100 mm was a critical depth for the engineering of 
a natural turf surface, and that soil stiffness and pressure reactions are so diminished at 
200 mm and 350 mm depth as to not be an issue in injury risk (James et al., 2006).  
Saunders and colleagues (2011) compared CIST values and human force platform peak 
GRFs and rates of loading and found quite low correlations between them (r ≈ 0.2). The 
authors concluded that, while the CIST is a valid tool for discriminating surface hardness, 
it is not reflective of the loads experienced by a human on landing and may not 
sufficiently characterise ground safety (Saunders, Twomey & Otago, 2011). Caple and 
colleagues (2011) were of the same opinion and developed the DST (dynamic strength 
tester) that drew on biomechanical data (peak force and boot contact area) to better 
replicate the footstrike impact of a running athlete. It used a compressed air ram to force a 
41 mm diameter test foot fitted with a single stud onto the test surface, and measured the 
resulting dynamic strength and energy absorption properties of the surface. Initial tests 
indicated that the device was sensitive to changes in soil conditions (Caple, James, 
Bartlett & Bartlett, 2011). The same authors investigated spatial variation in CIST and 
DST values on football fields. As part of that research they compared the first and third 
CIST drops and found a reduction in the variability of CIST values with the third drop 
value, due in their opinion to the first and second drops conditioning the surface (Caple, 
James & Bartlett, 2012a). In contrast, Chivers (2008) reported a wider range in CIST 
values for third drop values compared to first drop values.  
As previously mentioned, the development of new hardness testing devices represents 
continuing attempts to increase validity. One aspect of CIST validity that has been 
reasonably well tested is its relationship with player perceptions of hardness. Chivers 
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(2008) compared CIST Gmax values (2.25 kg x 46 cm) on AFL grounds during 2002 and 
2003 against player ratings of hardness (n = 1,940). There was a very high correlation (R2 
= 0.957) between the first and the third drop CIST values and the players’ perception of 
hardness. He concluded that the third drop was more useful, as the range of values was 
wider and more closely related to player perceptions (Chivers, 2008). There was a small 
difference in how players rated hardness for running as opposed to falling/landing on the 
ground, but as Figure 2.8 shows, most players (84%) rated a 3rd drop CIST value in the 
range 65-75 g as ‘good’ for falling or landing. At hardness values in the range 105-115 g, 
15% of players thought the surface was too hard for falling/landing. Chivers suggested 
that players feel the hardness of a surface more when they run than when they fall, 
possibly through experiencing greater soreness through the post-match recovery period.  
 
Figure 2.8: Player perceptions of hardness (2.25 kg x 46 cm, third drop value) when falling or 
landing, adapted from Chivers, 2008  
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These data provide confidence that CIST values relate well to player perceptions of 
hardness on elite-level grounds, in the range 60 – 110 g. But community- level fields can 
be much harder. Monitoring of 86 individual community-level grounds in Melbourne in 
autumn 2007, 2008 and 2009 by a turfgrass consultant showed that during the worst of 
the drought more than a quarter of the grounds had an average CIST hardness greater than 
200 g at the start of the football season, and individual hardness values reached 390 g (M. 
Robinson, pers.commun., 2010). The relationship between CIST values and player 
perceptions of hardness has not been tested on these very hard grounds. This again raises 
the issue of nominating an acceptable, safe upper threshold for CIST values, which in turn 
raises the issue of the link between football injury and ground hardness.  
 
The link between surface hardness and injury 
The relationship between ground hardness and ground-related injury is consistently raised 
in the literature. Petrass & Twomey (2012) provided a recent meta-analysis, scoping 78 
studies and analysing 26 studies which met their inclusion criteria of being original, peer-
reviewed reports that used some method of rating ground conditions, and that used an 
outcome measure of injury incidence. However, only four of those studies used objective 
ground hardness measures. The authors concluded that there was an apparent risk of 
increased injury on harder/drier grounds, but that good quality evidence was lacking 
(Petrass & Twomey, 2012).  
Most of these injury studies have been conducted at the elite or sub-elite level of the game 
where irrigation is freely available and very hard grounds are not encountered. Such 
findings may not be relevant to the injury-prevention strategies relevant to community-
level football (Gabbe, Finch & Cameron, 2007). And many hardness and injury studies 
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fail to consider confounding factors such as the effect of ground hardness on the style of 
play. It has been suggested that firm or hard football grounds allow greater running speed 
(Norton, Schwerdt & Lange, 2001; McManus et al., 2004) and, in rugby, more tackling 
(Lee & Garraway, 2000), both of which are likely factors in increased injury risk.  
In a study of 20 high school natural turf athletic fields in Pennsylvania in 1984, 5.7% of 
injuries (12 out of 210 total injuries) were rated as definitely ground-related, and a further 
15.2% (32 out of 210 injuries) were rated as possibly ground-related, leading the authors 
to contend that up to 21% of injuries were caused by poor field conditions and that these 
injuries could have been prevented by more favourable field conditions (Harper, 
Morehouse, Waddington & Buckley, 1984). The study did not measure ground hardness 
objectively, but there were significant positive correlations between injury and soil clay 
content and soil bulk density, both of which could be linked to increased ground hardness. 
There was also a negative correlation between injury and turfgrass ground cover.  
In a study of rugby injuries in Scotland, Lee & Garraway (2000) found a higher number 
of injuries on grounds subjectively rated as firm underfoot compared to soft underfoot, 
but noted they had not separated contact injuries from non-contact injuries and that firm 
grounds led to a higher tackle count, which could be responsible for the higher injury rate. 
They also noted an early-season bias, with more injuries early in the season compared to 
later in the season, but did not link that to ground hardness and cited lack of fitness as a 
more likely causal factor (Lee & Garraway, 2000).  In a study of injuries in New Zealand 
rugby, Alsop and colleagues (2005) retrospectively surveyed 624 injured players 
regarding ground and weather conditions at the time of their injury. Injury rates were 
significantly higher on grounds subjectively rated as hard or very hard, compared to soft 
grounds. The authors noted several limitations of their study; again, ground hardness 
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assessment was subjective, injury type was not separated into contact or non-contact, and 
a potential bias was raised where players injured after falling to a hard ground may be 
more likely to judge it as very hard because of the injury (Alsop, Morrison, Williams, 
Chalmers & Simpson, 2005). In Australian rugby, Gabbett and colleagues (2007) 
investigated the relationship between injury, weather conditions and ground hardness, 
which was rated subjectively as hard, firm, slippery or heavy. Three quarters of all match 
injuries were attributed to severe contact with the ground, and there was a significantly 
higher injury rate in matches played on hard grounds. The authors concluded that harder 
grounds did contribute to a higher injury risk, and recommended additional irrigation 
during dry conditions to reduce rugby injuries (Gabbett, Minbashian & Finch, 2007). The 
subjective rating of ground hardness was a limitation of all three of these rugby studies.   
In contrast to the three previous studies implicating harder grounds in higher injury 
incidence in rugby, Takemura and colleagues (2007) found no significant correlation 
between hardness, assessed by a cone penetrometer, and injury incidence in rugby in New 
Zealand. They did find a higher incidence of injury early in the season which could be 
linked to firmer grounds at that time of year, but discussed several alternative reasons for 
the early season bias such as greater motivation, inadequate match fitness, attrition of 
injury-prone players, and the possibility that firmer grounds allow faster running and 
consequent higher player-to-player impact force (Takemura et al., 2007). It is notable that 
this was the only rugby-related study to objectively measure ground hardness.  
A study on injuries in junior Australian football played on natural turf correlated injury 
rates against ground hardness, subjectively rated as hard, firm, soft or muddy (McMahon, 
Nolan, Bennett & Carlin, 1993). A total of 60% of all injuries were contact, and the most 
common activity associated with injury, and especially severe injury, involved collisions 
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between players. The largest percentage of injuries (42%) occurred on firm grounds. 
Once again, the authors noted the possibility that hard or firm grounds allow faster 
running, leading to a higher incidence of collision injuries. Only 12% of injuries were 
ascribed to ground contact, but whether it was a hard or soft ground was not stated. 
However, these ground-contact injuries accounted for 24% of all injuries requiring 
medical treatment, including 9 out of the 19 total fractures. While only 11% of the total 
injuries in the study occurred on grounds subjectively rated as hard, this 11% accounted 
for 21% of all fractures, 45% of all injuries that led to loss of football time and a doubling 
of the median period of time out of the game (21 days) compared to injuries occurring on 
softer grounds. The authors concluded that a hard surface contributed to a high rate of 
fractures resulting from hitting the ground (McMahon, Nolan, Bennett & Carlin, 1993).  
 
The incidence of bone fractures in field sports is usually low (e.g. 5.4% of all injuries, 
Finch, Twomey, Otago & Swan, 2008) but the highest rate of fractures occurs in 
adolescents during their peak growth height velocity (Broderick & McKay, 2009), in the 
14 – 15 year old bracket for males and around 13 years of age in females. The peak gain 
in bone mineral content occurs approximately one year after that peak rate of longitudinal 
growth, so the period between these two stages is a period of relative bone weakness 
which can expose the child to increased risk of fracture (Whiting & Zernicke, 2008). So 
the link between surface hardness and bone fracture might be more pronounced in junior 
football than with older age groups.  
 
Concussion is another area of concern with respect to ground hardness. In a study in 
collegiate soccer in the US, Fuller and colleagues (2007) concluded that on natural grass 
fields 13% of men’s concussions (5/38 incidents) and 7% of women’s concussions (6/81 
incidents) were caused by ground contact (Fuller, Dick, Corlette & Schmalz, 2007a; 
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Fuller, Dick, Corlette & Schmalz, 2007b). Ground hardness was not measured in those 
papers, but they highlighted the fact that concussion in football could be caused by direct 
ground contact. Several other authors have reported that impact with the ground is an 
important factor in head injury (e.g. Guskiewicz & Mihalik, 2006; Naunheim et al., 2002; 
Naunheim, Parrott & Standeven, 2004). The incidence of concussion in community- level 
Australian football has been reported at 5 - 6% of all injuries (Dicker, McColl & Sali, 
1986; Finch et al., 2008). Up to 90% of concussions don’t involve loss of consciousness 
(McCrory, Ariens & Berkovic, 2000; Saffary, Chin & Cantu, 2011), so its incidence in 
community- level football is probably greatly under-reported. McIntosh and colleagues 
(2000) reported that of a total of 100 incidents of concussion in Australian football, 
ground contact was responsible in 9 cases and the rest were due to contact with another 
player (McIntosh, McCrory & Comerford, 2000). A comparison of senior and under-18 
elite players in Australian football found that young players have a significantly higher 
incidence of concussion than senior players (Orchard, Wood, Seward & Broad, 1998). 
Concern at the rate of concussion in under-18 footballers was also raised by Romiti, Finch 
and Gabbe (2008) and in a study on deaths due to brain injury among footballers in 
Victoria (McCrory, Berkovic & Cordner, 2000). The effect of concussion and traumatic 
brain injury is likely to be more significant in children as their brains are developing and 
maturing (Danov, 2006; McCrory, Collie, Anderson & Davis, 2004). So the link between 
ground hardness and concussion might be more pronounced in junior football than with 
older players, similar to the situation with bone fractures.  
High ground hardness has also been linked to anterior cruciate ligament (ACL) injury in 
football. A potential mechanism is the transfer of high GRFs to the knee in a flat-footed 
landing (Boden, Sheehan, Torg & Hewett, 2010). Using injury surveillance data from the 
elite-level Australian Football League (AFL), Orchard and colleagues (1999) found a 
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significant correlation between ACL injury rate and high evaporation rate in the previous 
month and low rainfall in the previous year (Orchard, Seward, McGivern & Hood, 1999). 
There was also a higher incidence of ACL injuries early in the season and on more 
northerly grounds, which supported a link between ACL injury and high surface hardness. 
Football grounds are normally harder when dry, and they would be drier in a hotter, 
northern climate, or early in the season in autumn, or following periods of low rainfall or 
high evaporation (Orchard & Seward, 2002). In contradiction to the AFL data, however, 
Orchard and Powell’s study in American football found a higher incidence of ACL injury 
on natural turf in wet conditions compared to dry conditions (RR 1.46, CI95% 0.98 – 2.18, 
Orchard & Powell, 2003).  
To further investigate the link between ground hardness and ACL injury, AFL ground 
managers were supplied with racetrack penetrometers and measured ground hardness 
prior to matches over a three year period (1997-2000) involving 571 AFL games. 
Penetrometer values were correlated against ACL injury data, with the result that there 
was only a minor, non-significant relationship (Orchard, 2001). Chivers (2005) also failed 
to find a significant relationship between ACL injury incidence and CIST surface 
hardness or soil moisture content in his study of ground conditions and injury on AFL 
grounds (Chivers, Aldous & Orchard, 2005). Orchard concluded that grass species type 
was a more likely ACL risk factor than ground hardness (Orchard, 2002; Orchard et al., 
1999; Orchard, 2005), and at this stage there is insufficient evidence that high surface 
hardness has a direct effect on ACL injury rate.  
The most rigorous and direct study of the link between ground hardness and community-
level football injury was conducted by Twomey and colleagues (2012), involving 40 
teams in Victoria and Western Australia during 2007 and 2008 (Twomey et al., 2012). 
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They measured CIST hardness (2.25 kg x 45 cm, 1st drop) over two seasons at nine 
locations on 20 grounds, and also prospectively recorded the nature, cause and ground 
location of injuries. Hardness levels through the study varied between 25 – 301 g. A total 
of 402 injuries were recorded and for 352 of those the exact ground location of the 
incident was known, to allow correlation with CIST values. Only thirteen of those 352 
injuries occurred on ground locations where CIST hardness exceeded 120 g. Eight of 
those thirteen were contact injuries, so there were only five ground-related injuries on 
areas where CIST values exceeded 120 g. None of those five ground-related injuries was 
a concussion or a fracture. In fact, the severity of injuries on hard grounds was actually 
lower than on soft grounds, as indicated by the need for the injured player to leave the 
field. Despite the surprisingly low incidence of ground-related injuries on hard locations, 
when assessed on a proportional basis the relative risk of injury on hard grounds (CIST > 
120 g) was 1.82 (CI 95%  1.17 – 2.85) compared to the reference category of 70 – 89 g 
hardness (Twomey et al., 2012).   
It has been surmised that players adopt risk compensatory behaviours when playing on 
hard grounds (Twomey, White & Finch, 2011), a notion that was supported by previous 
research reporting that players adjust leg kinematics in response to different ground 
impact forces (Boyer & Nigg, 2004; Dixon, Collop & Batt, 2005). Compensatory 
behaviour and kinematic adjustment might allow adaptation to hard grounds, but this 
assumes that ground hardness is uniform across the field. Anecdotally, spatial variation in 
hardness, rather than excessive hardness per se, has been proposed as an injury risk factor. 
Tessutti and colleagues (2010) concluded that although a natural grass surface was more 
compliant and imposed lower impact on the foot compared to asphalt, running on “non-
uniform natural grass surfaces can lead to a risk of acute trauma” (Tessutti, Trombini-
Souza, Ribeiro, Nunes & Sacco, 2010, p 154). However, research in community- level 
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Australian football by Twomey & Fleming (2011), which compared injury incidence with 
the variation in CIST values across grounds, found no correlation between the rate of 
injury and the coefficient of variation in hardness (r = - 0.16) for the 83 injuries and 36 
grounds involved. The coefficient of variation in CIST values ranged from 12 – 28% on 
those grounds. The authors noted that further research with a larger sample size was 
needed (Twomey & Fleming, 2011).  
Adequate quantification of the variation in hardness might require multiple samples on a 
field. Caple and colleagues (2012) suggest that 100 – 150 sampling sites would allow the 
construction of variograms to visually reflect spatial variation in properties such as 
dynamic strength, CIST hardness, soil moisture and traction. Their report found a strong 
spatial effect in CIST values on soccer fields, especially on a clay-based field towards the 
end of the playing season, due to greater compaction and loss of grass cover in high wear 
areas (Caple, James & Bartlett, 2012b). Automated devices that can efficiently conduct a 
range of tests at multiple locations on turf, at a few meters spacing for example, and then 
map and manipulate this using GPS and aerial photography, have been developed (J. 
Neylan, pers.commun., 2011). In future, such devices might accommodate surface 
hardness, turf groundcover and soil moisture, which would be an invaluable tool in testing 
the relationship between ground conditions and injury.  
 
To conclude this section of the review, the evidence that high ground hardness contributes 
to injury in football is by no means conclusive. In such a situation the precautionary 
principle holds that the link should be regarded as real unless better evidence rules it out, 
so the thesis will proceed on the basis that if agronomic conditions can be manipulated to 
avoid excessive hardness, then it is likely to reduce ground-related injury risk.   
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Agronomic factors affecting surface hardness   
 
Several agronomic variables such as soil moisture content, soil texture and turfgrass 
coverage can influence surface hardness. The interaction between these variables is 
complex, and the published literature is often deficient in separating the hardness effects 
of one variable from another. From the Australian perspective, another deficiency of the 
international literature is that hardness is usually not assessed in droughted rootzones; in 
fact, the research in countries with high winter rainfall is usually focussed on increasing 
the hardness of football fields, not reducing it.  
Little progress can be made in developing agronomic strategies to reliably manage 
hardness if the specific influence of each variable is not clear. This section of the 
literature review aims to separate each of the main variables and examine their influence 
on hardness in isolation.  
 
Soil Moisture and Hardness 
 
The dominant factor in surface hardness behaviour appears to be soil moisture content 
(Baker, 1991; Henderson et al, 2007; Rogers, Waddington & Harper, 1988). A study of 
24 Pennsylvania high school grounds found that CIST surface hardness was negatively 
correlated with soil moisture (r = - 0.5 to - 0.9), although there were also strong 
correlations with reduced grass coverage and increased soil compaction (Rogers, 
Waddington & Harper, 1988). Soil moisture contents in that study were not droughted, 
the lowest reported being 19.9 %. Baker (1991) also found a strong relationship between 
hardness and moisture in soil-based rootzones, although the relationship was not as strong 
in sand rootzones. He reported that a soil with 13% clay plus silt content had CIST 
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hardness readings (0.5kg hammer x 30cm, 1st drop) as low as 6 g in winter and up to 112 
g in summer. A pure sand profile, however, had a minimum average hardness reading in 
winter of 45 g and a maximum average summer hardness of 66 g. Additional data 
corroborated that hardness on the pure sand profile only ranged from around 40 g when 
dry up to 65 g after rainfall. In contrast, hardness on a profile with 13% clay + silt ranged 
from less than 20 g when there had been rainfall in the previous 1-7 days, to greater than 
100 g in dry periods over summer. So, soil moisture greatly influenced hardness in the 
rootzone with 13% clay + silt, but had less influence in the pure sand.  The interaction 
between soil texture, moisture content (MC) and hardness was significant and linear 
formulae were proposed for different rootzone treatments where clay + silt was present. 
For example, for the rootzone with 13% clay + silt, Hardnessg = 115.5 – 2.45 MC%  (r = 
0.85). No formula was proposed for the pure sand rootzone, however, as hardness was 
relatively independent of soil moisture (Baker, 1991). 
To date there has only been one study measuring hardness into drought conditions, 
reported by Henderson and colleagues (2007) in Queensland. As part of their wide 
ranging study on factors affecting quality and playability of football grounds, CIST 
hardness (2.25kg x 45cm, 1st drop) and volumetric soil moisture data were collected at six 
locations on eleven different grounds, over nine assessment dates in the period 2003-05. 
As Figure 2.9 shows, there was a strong negative relationship between soil moisture 
content and surface hardness. The relationship varied between fields, however. Grounds 
with soils of a higher estimated clay content (e.g. Everton and Sherwood grounds) had a 
greater range in hardness over the moisture spectrum than grounds with a lower clay 
content, such as Redlands, Coorparoo and Zillmere (Henderson et al., 2007). 
Unfortunately, the report did not include particle size analyses of the different rootzones.  
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Figure 2.9: Relationship between soil moisture content and CIST hardness (multiply x10 for Gmax 
in gravities) for eleven football fields in Queensland. Figure copied with permission from 
Horticulture Australia (HAL) under Turf Producers Australia (TPA) Project No. TU02007: Best 
management practices for sustainable and safe playing surface of Australian Football League 
sports fields (Henderson et al., 2007).  
 
Laboratory tests by the same organisation, the Queensland Department of Primary 
Industries, found there was little change in the Bulk Density or penetrometer readings on 
a sand sample (1% clay content) over a range of moisture contents and compaction levels. 
A sandy clay-loam (11% clay), however, was much more responsive to moisture and 
compaction levels, with penetrometer values much lower when the soil was dry or 
compacted (Eberhard & Raine, 2005). So, surface hardness on the sand was relatively 
independent of soil moisture or degree of compaction, whereas hardness on the clay-loam 
was greatly increased by droughting or compaction. The report by Henderson et al. (2007) 
also noted differences in shear strength with soil textural type. Sands had very low shear 
strength when their moisture content was low and benefitted from a light irrigation before 
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play to increase cohesion and shear strength. On non-sands, however, lack of shear 
strength was not an issue, but light irrigation before play was recommended to reduce 
hardness if the profile was dry. The report suggested that ground hardness on any soil 
textural type could be effectively managed by irrigation, if the water was available 
(Henderson et al., 2007).  
The research by Baker (1991) and Henderson et al. (2007) highlights the divergence in 
moisture vs hardness behaviour between ‘sand’ and ‘soil’ rootzones. Unlike soil, the 
hardness of a sand-based rootzone is relatively unaffected by its moisture content, which 
suggests that sand re-construction of sportsgrounds has potential to avoid excessive 
hardness in the absence of adequate irrigation.    
 
Rootzone Texture and Hardness 
 
The soil textural classification system generally used in turf science is as defined by the 
United States Department of Agriculture. Particles with a diameter greater than 50 µm are 
defined as sand particles, particles with diameters between 2 – 50 µm as silt, and particles 
less than 2µm in diameter as clay (USDA, 2012). The textural classification of a rootzone 
(e.g. loam, clay-loam, sand, clay etc.) is defined from its proportion of sand to silt to clay. 
So the terms sand and clay can be defined both as a particle type and as a textural class, 
which can lead to confusion. For convenience, this thesis will use the term rootzone to 
denote a growing medium regardless of its makeup.  
Due to their large surface area (around 8 million cm2/g), clay particles contribute to the 
chemistry of the soil, and also to soil cohesion and shear strength. Silt particles (2 – 50 
µm diameter) and very fine sand particles (50 – 100 µm diameter) don’t play a major role 
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in soil chemistry, but are the right size to block macropores (also called non-capillary or 
air-filled pores) which have pore diameters ranging from 30 - 100 µm (Perret, Prasher, 
Kantzas & Langford, 1999). Silt and very fine sand movement into macropores occurs 
during compaction, especially when soil moisture is high. Macropores are responsible for 
aeration, drainage and root penetration, and their blockage causes a reduction in hydraulic 
conductivity and an increase in soil density, strength and hardness (Adams, 1981). 
The textural class ‘sand’ contains less than 10% clay + silt (USDA, 2012) so there are few 
fine particles to block pore spaces. Uniform sands, unlike clays, are not reliant on 
structure and aggregation for their porosity because individual sand particles pack into a 
matrix which makes them resistant to compaction, and high traffic can be tolerated with 
little or no alteration to porosity and drainage over time. It is for this reason that turf 
rootzones are often constructed using sand. The testing and specification of sands and 
rootzones has been well researched by the United States Golf Association (USGA), who 
have developed a specification for golf green rootzones. This includes a requirement that 
such sands have less than 5% very fine sand, less than 5% silt, less than 3% clay, and less 
than 10% of those three in total. Clay, silt and very fine sand (i.e. particles smaller than 
100 µm in diameter) are often collectively called ‘fines’. The USGA also specifies ranges 
for saturated hydraulic conductivity (Ksat), rootzone porosity and moisture retention 
(USGA, 2004). Rootzone hardness and shear strength have relatively little influence on 
the playability of golf greens, so a method for assessing these is absent from their tests. 
However, hardness and shear strength are important in football ground performance 
(Henderson, Crum, Wolff & Rogers, 2000; Henderson, Crum, Wolff & Rogers, 2001; 
Henderson, Crum, Rogers & Wolff, 2002; Minner, 2002; Peart, 2011), and the absence of 
suitable tests from the USGA assessments leaves a gap that has not been adequately filled 
by complementary research.  
46 
 
The key in constructing the perfect sportsfield lies in the selection of the rootzone 
material (Henderson et al., 2001), but there is no consensus on what the perfect rootzone 
actually is. The sportsfield sector has largely adopted the USGA tests and specification, 
modified in some cases to reflect local priorities. In the UK, Baker and colleagues 
suggested a maximum of 10% clay + silt content for football fields, based on the drainage 
requirements in that climate and the ability to retain good grass cover, as well as the 
greater consistency in hardness provided by sand (Baker, Cole & Thornton, 1988).  In his 
comprehensive review of sand-based turf construction, Baker (2006) summarised the 
various recommendations that had been published for rootzones for winter games pitches 
in Europe, including those from the Dutch Working Group (1970), Adams and colleagues 
(1971), Bingaman and Kohnke (1970), Harper (1984), Mulqueen (1983), Skirde (1989), 
Stewart (1994) and the Sports Turf Association (1991). While Baker noted the variations 
in particle size ranges in their recommendations, in all these cases the tolerance for fines 
was very low, usually less than 5% (Baker, 2006).  
Pulhalla and colleagues (1999) summarised the recommendations for sporting fields in 
the United States. The New Pennsylvania Design for sportsfields allows a total of up to 
25% fines, and up to 15% in the clay fraction alone. The University of California 
recommendation allows up to 8% clay + silt, and Mississippi State up to 12%. The 
University of Minnesota, in contrast, allows only up to 3% total fines, which is even less 
than the USGA Specification (Puhalla, Krans & Goatley, 1999). Michigan State 
University recommend a clay + silt content of 10% as the best compromise between 
adequate Ksat (150 – 200 mm/hr) and adequate stability as assessed by a bearing capacity 
test (Henderson et al., 2000; Henderson et al., 2001; Henderson et al., 2002). The ASTM 
tolerates up to 8% clay + silt in their guideline for sportsfield construction (ASTM, 2011).   
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These variations in particle size recommendations from different authorities throughout 
the world appear to reflect their two main concerns - first, the particular climate and 
rainfall intensity experienced in their location and, second, the level of their concern with 
shear strength. Shear strength is a function of the cohesive forces between particles, 
which is greater between fine particles than between sand particles. Sands have low shear 
strength and in high-traffic zones where turf biomass is depleted, the exposed rootzone 
can be gouged out, leaving depressions in the field (Peart, 2011). Minner (2002) 
discussed the relative merits and disadvantages of sand fields as opposed to soil fields, 
and noted that soil fields can still provide acceptable traction even when grass cover has 
been lost, provided boot cleats can penetrate satisfactorily. Sand, however, lacks strength 
and becomes unstable without adequate turf coverage (Minner, 2002). Peart (2011) noted 
that most sand-based sportsfields are planted to couchgrass or kikuyu as their stolons and 
rhizomes prove a major asset in retaining a stable surface. To summarise the above 
paragraphs: the USGA rootzone tests do not include methods to assess potential hardness 
or stability behaviour. On football fields, low clay + silt content and high sand content is 
desirable for resistance to compaction and adequate Ksat, but this can lead to stability 
problems due to low shear strength. A compromise must be reached, and local priorities 
will determine the optimum clay + silt content. Several studies provide information to 
assist this decision.   
Adams (1981) reported a high correlation between clay + silt content and Ksat, with the 
equation:  log Ksat cm/hr  =  0.0028x2  –  0.178x  +  1.7  (r = 0.99), where x = clay + silt 
percentage (Adams, 1981). This equation has been used in Table 2.5 to generate some 
representative estimates of Ksat. Adams concluded that very small fractions of clay + silt 
have a dramatic effect on Ksat under compaction. His report also showed that shear 
resistance increased on a logarithmic scale with increasing clay + silt content. Shear 
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strength also increased with increasing soil moisture content. The pure sand medium, 
especially, had very low shear strength when dry, but this increased dramatically as its 
moisture content increased (Adams, 1981).  
Table 2.5: Saturated hydraulic conductivity estimates based on Adams (1981):  
    
Clay + silt (%) Ksat (mm/hr) 
0 1017 
1 338 
2.5 186 
5 76 
7.5 36 
10 16 
20 1.8 
30 0.8 
 
 
Henderson et al. (2000) noted that the lack of stability of high sand content sportsfield 
rootzones was of great concern, especially when turf cover was lost. They tested eight 
rootzone mixes of sand and soil (blended in a cement mixer) with clay + silt fractions 
between 2 - 19%. The materials were compacted by the Proctor method and tested for Ksat 
and bearing capacity at three moisture levels (5, 9 and 13%, representing dry, moist and 
wet condition respectively). Their prime requirement was that the compacted rootzones 
sustain an adequate Ksat (> 150 mm/hr). Table 2.6 shows approximate readings from the 
9% moisture condition based on graphs in their report, as actual values weren’t tabulated 
(Henderson et al., 2000). Ksat values fell below their minimum target (150 mm/hr) at clay 
+ silt levels between 5 – 7%. Bearing capacity, their indicator of soil strength, increased 
modestly with increasing clay + silt content, but only attained high values at 19% clay + 
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silt content, by which time the Ksat value had declined to an unacceptably low level. The 
authors concluded that sportsfield rootzones should contain a maximum of 10% clay + silt 
content, and their data indicated no suitable compromise level of clay + silt where Ksat 
was adequate yet bearing capacity was high (Henderson et al., 2000).  
Table 2.6: Ksat and bearing capacity of 8 sand:soil blends, adapted from Henderson et al. (2000) 
        
Clay plus Silt Ksat Bearing Capacity (peak pressure) 
Content   (mm/hr) lb/in2 kPa 
2 825 350 2413 
5 200 525 3620 
7 125 560 3861 
8 75 630 4344 
10 25 700 4827 
12 < 5 630 4344 
15 < 5 770 5309 
19 < 5 1400 9653 
 
While soil strength is an important parameter in the suitability of a rootzone for football, 
hardness remains the key focus of this review. Several authors have reported that sand 
rootzones can, at times, actually be harder than soil rootzones (e.g. Dest, Ebdon & 
Guillard, 2009; Follis, Anderson, Fresenburg & Ervin, 2008; Follis, Anderson, Ervin & 
Fresenburg, 2009; Guisasola, James, Stiles & Dixon, 2010; Henderson, Rogers III & 
Crum, 2009). Baker & Isaac (1987) noted that sand-based constructions provided a 
consistently firm surface across a wide range of moisture content, and players accustomed 
to playing on soft, soil-based pitches in winter could subsequently perceive sand pitches 
as hard (Baker & Isaac, 1987). Guisasola et al. (2009) investigated differences in stiffness 
between sand and clay soils in natural turf grown in trays, testing athletes on a force 
50 
 
platform. At Field Capacity the sand provided a stiffer surface than the clay, with runners 
on a force platform showing a faster loading time and shorter foot-surface contact time, 
increased running speed, or reduced energy consumption for a fixed running speed 
(Guisasola et al., 2009). In field plots consisting of various treatment rootzones with 
different clay + silt contents, Henderson and colleagues (2009) found little or no 
relationship between CIST hardness and clay + silt content, with the pure sand plots in 
some instances recording higher CIST values than soil-based rootzones (Henderson, 
Rogers III & Crum, 2009). In a similar study by Follis and colleagues, treatment plots 
with increasingly higher clay + silt content showed some increase in hardness compared 
to a sand rootzone, but measurements were taken within 24 hours of irrigation and all 
CIST values, even for straight soil, were within the range of 25-100 g (Follis et al., 2008; 
Follis et al., 2009). The common thread in these reports is that CIST testing was done 
with the rootzones at or near Field Capacity, so the rootzone moisture content was always 
relatively high.  
The only report assessing CIST hardness of various rootzones into drought conditions 
was conducted by Henderson and colleagues in Queensland, which showed quite a 
different picture. In their research, grounds with a high clay content became unacceptably 
hard as they dried out, whereas grounds with a high sand content and low clay content did 
not (Henderson et al., 2007). Unfortunately, their report did not include a full particle size 
analysis of the rootzones, so the relationship between clay + silt content and hardness in 
drought could not be adequately modelled. Currently, the optimum or maximum clay + 
silt content to avoid excessive hardness on Australian community-level grounds that are 
likely to be affected by drought is not resolved. It is possibly a moot point, as ground 
owners with the means to reconstruct a field using an imported rootzone probably also 
have the means to afford irrigation water.  
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Soil Amendments and Hardness  
 
Where sufficient budget for irrigation or reconstruction is not available, amendment of the 
existing, native soil could provide solutions to avoid excessive hardness. Baker (1997) 
reviewed the research on geotextile reinforcement soil amendments, and concluded that 
certain products had merit, especially in addressing specific problems such as excessive 
wear in goal mouths. However, he also concluded that retaining adequate grass cover and 
improving drainage could maintain adequate stability and traction on sportsfields, without 
the need for reinforcement and the potentially high hardness and traction they might cause 
(Baker, 1997). A reinforcing amendment that has been used in several sportsfields and 
racetracks is a plastic grid consisting of 10 cm x 5 cm mesh elements with 1 cm x 1 cm 
weave (Netlon™, or Reflex™). When blended at a rate of 5 kg/m3 into the top 100 mm of 
a profile it creates a three dimensional randomly-oriented matrix that potentially provides 
a number of agronomic benefits relating to aeration and drainage. Sifers & Beard (1997) 
reported that, on a clay-loam profile, surface hardness was reduced in the range 19 – 29%, 
divoting was reduced and divot recovery enhanced, and water infiltration rates increased 
by up to 93% with the Reflex™ amendment, compared to control plots (Sifers & Beard, 
1997). The mesh elements flex under traffic, leading to soil recovery after loading.  
Other, similar products exist, based on plastic grid pieces or fibres (e.g. Turfgrids™). 
Both Turfgrids and Reflex have been found to reduce divoting and turf loss in low shear 
strength sand profiles (Serensits, McNitt & Petrunak, 2011). McNitt and Landschoot 
(2001) investigated shredded carpet as well as two commercial geotextile amendments 
(Sportgrass™ and Turfgrids™) as amendments into a silt loam rootzone. The results were 
variable and the authors concluded that the effects of the inclusions on soil physical 
properties, traction and hardness were too limited and inconsistent to allow 
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recommendations to be made. Sportgrass and Turfgrids increased hardness in many 
assessments, although soil moisture content influenced hardness to a greater degree than 
the inclusions (McNitt & Landschoot, 2001).  
The geotextile reinforcement products are extremely expensive, and unlikely to have a 
place in community- level football, except perhaps in high wear areas as suggested by 
Baker (1997). Crumbed rubber from recycled tyres is a cheaper amendment, and has been 
used either as a topdressing material or blended into the rootzone. Rogers and colleagues 
(1997) tested five crumbed rubber amendment ratios from 0 - 40% by volume, at two 
depths of incorporation. Amendment quantities varied up to 624 t/ha, and the material had 
a density of 1.2 g/cc. It was determined that a 20% v/v amendment blended into the surface 
7.6 cm provided the optimal result, with relatively small but significant reductions in 
hardness (CIST values were reduced from 92 g to 84 g). Further trials with finer crumbs 
showed that the crumbed rubber caused significantly higher traction, and at low addition 
rates actually increased surface hardness. At rates of 88 t/ha CIST Gmax values were 
higher than the control (no rubber), but impact duration and time to peak deceleration 
increased, indicating a lower stress index and a softer, more resilient surface. The authors 
concluded that crumb rubber was an ideal soil amendment whether blended into the 
rootzone during construction or added later by coring or topdressing. They claimed it 
reduced surface hardness and improved wear tolerance, turfgrass quality and smoothness, 
thus reducing the potential of surface-related injuries (Rogers, Stier, Crum, Krick & 
Vanini, 1997). Similarly, Boniak and colleagues (2001) found that crumbed rubber 
amendment significantly reduced hardness when blended into a finely textured soil. A 
crumb size of 6.5 mm amended at a rate of 20% by weight gave the highest clipping yield 
and turf quality, and it was concluded that there were no toxic or adverse environmental 
effects from the inclusion (Boniak, Chong, Ok & Diesburg, 2001). Furthermore, Baker 
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and colleagues (2001) showed that a 10% volumetric amendment of a uniform, medium 
sand with a 0.25 – 2 mm sized crumb rubber product increased Ksat and porosity and 
reduced bulk density and hardness compared to the unamended control. CIST hardness 
(0.5 kg x 55 cm) without amendment was 109 g (1st drop) rising to 310 g (10th drop). 
With the 10% crumbed rubber amendment, hardness was 92 g (1st drop) and 204 g (10th 
drop). Hardness values were also significantly reduced where the crumbed rubber was 
used as topdressing at 5 mm, 10 mm and 20 mm depths. The differences were most 
marked in the 10th CIST drop results, where a depth of even 5 mm of crumbed rubber 
topdressing resulted in a 12% reduction in hardness (238 g down to 209 g). The finer and 
the coarser grades of crumb had some undesirable effects on soil properties, but the 
medium grade material had no ill effects and several desirable effects when used either as 
a blending amendment or a topdressing material. However, the crumbed rubber 
treatments had the undesirable effect of reducing shear strength, which was already very 
low in this sand at around 17 kPa (Baker, Hannaford & Fox, 2001). Miller (2008) also 
reported that crumbed rubber topdressing to rates of 75 kg/ha reduced traction on 
couchgrass, but at the same time it increased turf quality and reduced hardness, 
compaction and cleat damage from traffic (Miller, 2008).  
In Queensland, Henderson and colleagues (2007) conducted laboratory testing of three 
soil samples with 0, 10 and 20 mm deep crumbed rubber topdressings and found 
improved soil agronomic conditions, higher rebound and reduced penetrometer resistance 
with the crumbed rubber treatments. They contended that crumbed rubber topdressing 
was potentially an effective strategy to protect the underlying rootzone from compaction, 
and was likely to provide a softer surface with greater rebound potential, which would be 
expected to reduce player injury risk. They recommended further testing under playing 
conditions in the field (Henderson et al., 2007). All these studies showed positive effects 
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from the use of crumbed rubber, and good potential to reduce hardness. However, the use 
of crumbed rubber in synthetic turf has raised safety and environmental concerns 
regarding high surface temperatures and the presence of heavy metals and potential 
carcinogens (Edwards, 2011).  
Henderson and colleagues also tested a urea-formaldehyde polymer amendment 
(Hydrocell™) that can be incorporated or injected into the soil as a dry flake, and which 
absorbs water and swells. It is claimed to reduce soil compaction as well as improve 
moisture holding capacity, both of which should cause a reduction in hardness. Contrary 
to the marketing claim, however, their laboratory tests found no increase in moisture 
retention. There were significant reductions in bulk density and penetration resistance, but 
the authors concluded that the product did not improve playability or soil agronomic 
conditions under compaction, and recommended no further evaluation be done 
(Henderson et al., 2007). Previous research in Greece using the same product found a 
slight improvement in top growth in the treated plots, but no beneficial reduction in 
penetration resistance in a highly compacted profile (Nikolopoulou & Nektarios, 2004).  
Just as the use of amendments might cost-effectively reduce hardness in native-soil 
community- level fields, it is possible that the appropriate use of turf cultural practices 
such as mowing, thatch control, sand topdressing or aeration might substitute for 
irrigation in moderating the hardness of drought-affected fields.  
 
Turf Cultural Practices and Hardness 
Intuitively, mowing height and thatch depth would seem to influence surface hardness. 
However, Brosnan and colleagues (2009) found no significant difference in CIST 
hardness (2.25kg x 44 cm, average of first three drops) on Kentucky bluegrass turf mown 
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at 3.8 cm, 5.1 cm or 6.4 cm, or with 4 mm, 13 mm or 19 mm thatch depth. They 
concluded that surface hardness was a function of soil factors such as texture, compaction 
and moisture content, rather than grass factors such as mowing height or thatch depth 
(Brosnan, McNitt & Serensits, 2009).  
Mechanical aeration is another cultural treatment that might reduce surface hardness. On 
Pennsylvania high school football fields, Rogers and colleagues (1988) reported a 
positive correlation between the amount of aeration and the moisture content of a profile, 
which they attributed to greater water infiltration and reduced runoff from the aerated 
profile. Aeration, therefore, may decrease field hardness in two ways; by relieving soil 
compaction, and/or increasing the amount of moisture that can enter the profile (Rogers, 
Waddington & Harper, 1988). Lundberg (2002) reported that core aeration twice per year 
significantly reduced surface hardness, although the differences were actually quite 
minor. On a sand profile the hardness varied from around 38 – 67 g, and twice yearly 
aeration reduced hardness by approximately 4 g at each assessment, compared to no 
aeration. On native soil, the overall hardness was a little higher, ranging up to 93 g, and 
the twice yearly aeration reduced hardness by up to 17 g compared to the no aeration 
treatment (Lundberg, 2002). Rainey (2009) also studied the effect of different aeration 
treatments on surface hardness and found that hollow tine implements reduced hardness 
to a greater extent and for a longer period compared to solid tine treatments. The test plots 
consisted of a loamy sand, and assessments were conducted a day after irrigation, so the 
soil was around Field Capacity and the majority of hardness values were low, ranging 
from approximately 40 to 60 g. On one set of assessments, however, hardness values were 
higher (August 2002) and the hollow tined plot had significantly lower hardness than the 
control plots for a period of four weeks. Unusually, at two weeks after treatment the solid 
tined plots had higher hardness (140 g) than the control (106 g). The author concluded 
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that hollow tine aeration was more effective than solid tine aeration in reducing surface 
hardness (Rainey, 2009). These three reports indicated a potential for aeration treatments 
to reduce surface hardness to some extent, but it is not clear if mechanical aeration could 
moderate hardness and act as a substitute for irrigation during drought conditions.  
Another cultural practice with potential to influence hardness is frequent sand 
topdressing, known in Australia as dusting. On golf greens, the technique involves 
spreading a 0.5mm – 1mm layer of high-draining sand over the turf surface every 2 – 4 
weeks. The sand needs to be applied in small amounts so it will blend with the grass 
sward and thatch. This eventually builds a layer of sand/thatch blend with improved 
mechanical, biological and physical properties compared to a pure thatch layer, and the 
experience on golf greens is that dusting improves turf quality on all types of greens 
(Nickson & Ford, 2004). It has been considered impractical for sportsfield turf, but a 
dusting program on a 2 ha football oval might add 2 mm of sand every three months, 
which is 40 m3 each application, maybe 120 m3 per year, costing around $6,000 pa in 
sand. One effect of dusting on golf greens is to make them ‘firm’, but this does not mean 
the effect on a football ground will be a hard surface.  The terminology is not defined but 
from a practical viewpoint, a firm sportsground could be regarded as being neither soft 
nor hard; perhaps with a CIST value between 50 – 65 g. A hard sportsground, on the other 
hand, could be regarded as one with a CIST value in excess of 110 g, as discussed by 
Chivers and Aldous (2003). Baker & Canaway (1992) studied the effect of sand 
topdressing on the hardness of a native soil field. The initial sand application was 25 mm 
in depth, followed by topdressing rates up to16 kg/m2, equivalent to another 10 mm or so 
depth of sand. In wet weather the sand topdressing increased CIST surface hardness (0.5 
kg x 30cm) from 23 g (untreated) to 54 g (sand topdressed), so the sand was creating a 
firmer surface, which was corroborated by higher ball rebound. In dry weather, however, 
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the sand topdressing reduced hardness from 108 g (untreated) to 83 g (sand topdressed), 
so the sand topdressing moderated hardness when the underlying soil profile was dry. 
Topdressing also resulted in a temporary reduction in rotational traction. The authors 
recommended sand topdressing, with a caution that sand can be unstable if grass cover is 
not sustained (Baker & Canaway, 1992). Kowalewski and colleagues also noted a 
temporary reduction in shear strength from sand topdressing on sportsfields, but the effect 
disappeared as the turf matured (Kowalewski, Rogers, Crum & Dunne, 2010; 
Kowalewski, Crum, Rogers & Dunne, 2011a). It should be noted that the benefits from 
sand topdressing referred to in these studies are created by a combination- layer of sand 
and turf, not from sand on its own.  
 
Turfgrass Coverage and Hardness 
Turfgrass coverage is perhaps the most fundamental of agronomic variables expected to 
influence surface hardness, but is also one of the least studied. Rogers and colleagues 
(1988) reported a significant negative correlation between turf cover and CIST hardness 
on in situ football fields. However, the areas with reduced turf cover also had higher soil 
density and lower soil moisture, both of which also increased hardness, and their research 
did not adequately separate these variables. The report did conclude that improving the 
quality of fields by aerating them would reduce compaction and soil density, increase 
water infiltration and improve agronomic conditions for grass growth. All of these 
outcomes have the potential to reduce hardness (Rogers, Waddington & Harper, 1988). In 
turf plots not exposed to the variables of wear and compaction, Sifers & Beard (1997) 
reported a reduction in CIST surface hardness when turfgrass cover was present, as 
shown in Table 2.7. The reduction in hardness due to the presence of grass was 
proportionately greater in loam and clay soils. They concluded that sustaining the highest 
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possible turfgrass biomass over the entire use period was important to moderate hardness 
and potentially reduce injury (Sifers & Beard, 1997). 
Table 2.7: CIST hardness (2.25kg x 30cm, 4th drop) of rootzones with different fines, with or 
without grass, and % change in hardness due to turf cover (adapted from Sifers & Beard, 1997)  
 
    
Rootzone Texture Without turf  With turf cover 
High sand mix       (95% sand,  2% silt,  3% clay) 91 g 88 g (-3%) 
Sandy loam            (86% sand,  6% silt,  8% clay) 102 g 97 g (-5%) 
Sandy clay loam   (65% sand, 12% silt, 23% clay) 120 g 107 g (-11%) 
Clay loam             (47% sand, 24% silt, 29% clay) 132 g 116 g (-12%) 
 
As noted earlier in this review, Shields and Smith (2009) measured a critical fall height of 
0.6 m on bare, dry soil, compared to 1.07 – 1.37 m on a dry soil with grass coverage. And 
Theobold and colleagues (2010) reported a critical fall height of 0.5 m on a high-use zone 
of natural turf, where one would assume the grass was thinner and the soil more 
compacted, whereas HIC values on a low-use zone did not exceed 200 even at the 
maximum height of the apparatus (1.8 m), and they were unable to determine a critical 
fall height, except as greater than 1.8 m (Theobald et al., 2010). It was unclear in this 
report if an increase in turfgrass coverage or a reduction in compaction was the cause of 
the lower HIC values on the low-use zone.  
Despite the seemingly high influence of turf groundcover on hardness, no other reports 
are currently available that deal directly with that relationship. Studies on the correlation 
between turf cover and hardness in drought conditions are completely absent, which is an 
important deficiency in the literature with respect to Australian community-level football. 
While soil moisture appears to be the main factor influencing the hardness of a football 
ground, there are several promising areas of investigation for this thesis, where agronomic 
59 
 
variables such as turfgrass coverage, soil textural type and cultural practices such as 
aeration might moderate hardness in the absence of adequate irrigation.  
 
Conclusions: Surface hardness and natural turf football grounds 
To conclude this section, the CIST is widely accepted as a suitable tool to quantify the 
hardness of sporting surfaces. While it does not replicate the load and landing impact of 
an athlete, it does have many advantages; it is portable and affordable, it has a codified, 
standardised method of use (ASTM, 2002), has “almost perfect” inter-rater reliability 
(Twomey et al., 2011, p 136), provides results that correlate highly with more 
sophisticated devices (Fleming & Young, 2006; McNitt, Landschoot & Petrunak, 2004) 
and relates well to player perceptions of hardness, at least in the moderate range (Chivers, 
2008). It has been widely adopted by ground authorities and practitioners to quantify the 
surface hardness of natural turf football fields, and has also been widely adopted by 
researchers in the areas of sports injury and performance. In turfgrass research, it appears 
to discriminate effectively between agronomic treatments that influence hardness.  
The link between high surface hardness and ground-related injury is accepted intuitively 
but there is little empirical evidence supporting the link, or identifying the level of 
hardness where the link might become manifest. The most objective study in community-
level football, by Twomey et al (2012), could be interpreted in two ways. Out of 352 
injuries, only five ground-related injuries occurred on surfaces that were harder than 120 
g, and none of those was a concussion or fracture. On the other hand, on a weighted basis 
the relative risk of injury on grounds harder than 120 g was 1.82, significantly higher than 
on grounds with hardness in the range 70 – 89 g (Twomey et al., 2012). The 
precautionary principle holds that a link between injury and high ground hardness should 
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be accepted as real unless better evidence rules it out. This is especially prudent in junior 
football, as their susceptibility to both fracture and concussion appears to be higher than 
in mature-age players. This thesis, therefore, could make an important contribution in 
reducing ground-related injury in community- level football injury if agronomic 
treatments can be identified that avoid excessive surface hardness.  
Soil moisture content appears the dominant factor influencing ground hardness, but in 
drought conditions there is a need to explore other factors such as soil texture or cultural 
treatments that might compensate for lack of water in moderating hardness. The influence 
of turfgrass coverage on hardness has not been extensively reported, and not reported at 
all in drought situations.  
The literature reveals that agronomic variables such as soil moisture, grass coverage and 
soil texture interact in complex ways and it is difficult to identify the relative contribution 
of each to a surface hardness outcome. In order to devise strategies with a clear and 
consistent effect on ground hardness, it is essential to isolate and study specific 
agronomic variables while keeping other factors constant.  
Excessive surface hardness is just one aspect of injury risk on football fields; high boot-
surface rotational traction is another aspect. Agronomic strategies that moderate surface 
hardness will not be successful solutions if, at the same time, they increase rotational 
traction to unsafe levels. The relevant literature on rotational traction will now be 
reviewed. 
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Rotational traction of football fields 
A key aim of this thesis is to devise agronomic strategies to reduce ground-related injury 
risk in football. Excessive hardness is one possible source of injury risk. But a link has 
also been made between excessive boot-surface rotational traction and knee and ankle 
injury (e.g. Abraham, Newman, Pugh & Shulman, 1990; Bostingl, Morehouse & Niebel, 
1975; Cameron & Davis, 1973; Chivers & Orchard, 2008; Dick, 2001; Lambson, Barnhill 
& Higgins,1996; Monto, 1996; Orchard, 2005; Torg & Quedenfeld, 1971). This section 
will review the literature on that aspect of football injury.   
Interaction at the shoe-surface interface has been called grip, footing, friction, traction and 
various other names. By definition, friction is a force (in Newtons) resisting motion 
between two surfaces, and is equal and opposite to the horizontal force being applied. As 
the horizontal force increases, the friction force increases. At a certain horizontal force, 
the friction force is eventually unable to maintain grip, and motion (slipping) occurs. 
Traction is defined as that maximum friction, before slipping occurs (Barry, 2002). The 
turf science literature strays from this literal definition, however, and commonly defines 
friction as the peak grip of non-cleated footwear on smooth, dry, homogenous surfaces 
(e.g. court shoes on a basketball court), and traction as the grip of footwear with cleats 
that penetrate a compliant surface, such as studded football boots on a natural grass 
surface (Bell, Baker & Canaway, 1985). This review, and the thesis, will use the 
terminology proposed by Bell and colleagues as it is widely accepted in international turf 
science. The generic term grip will sometimes be used to cover both friction and traction.  
Grip can be separated into linear (or translational, in the direction of forward momentum), 
or rotational. Linear grip is important in acceleration/deceleration when running or 
braking in a straight line. Rotational grip is considered important in the ability to change 
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direction. Excessively high rotational grip has been linked to foot fixation and knee and 
ankle injury, especially anterior cruciate ligament (ACL) injury, but very low grip can 
also be linked to injury due to slips and falls (Torg et al, 1974; Canaway, 1985a). A 
playing surface should provide sufficient grip to benefit a player’s actions without 
causing excessive stress to joints or ligaments (McNitt, Waddington & Middour, 1997). 
Grip can further be separated into static (the force required to initiate motion), or dynamic 
(the forces experienced once in motion). So there are eight possible types of grip from the 
combinations of friction or traction, linear or rotational, and dynamic or static grip. 
Correct interpretation of the literature requires an appreciation of the type of grip in 
question, which is not always made clear. Many studies mix various types of grip in their 
data and discussion. General principles relating to one type of grip are not transferable to 
other types. The emphasis in this review will be on the rotational traction of cleated 
footwear, but a preliminary discussion of the other types of grip is appropriate.  
Shoe-surface friction 
The grip of non-cleated footwear on a smooth surface in sports such as basketball is 
commonly referred to as friction (Bell, Baker & Canaway, 1985). If the surfaces are 
relatively smooth and homogenous and have no loose particles or moisture, the forces are 
considered to comply with the principles of dry friction developed by da Vinci, 
Amontons, Coulomb and others. These principles state that friction is a force resisting the 
relative motion of two surfaces in contact and assume that it is uniform over the contact 
surface and is a function of the shoe and surface materials. It is linearly dependent on the 
normal force applied (i.e. the vertical load) and the velocity of the shoe at contact, but is 
independent of the surface area of contact (Barry, 2002; Nigg & Yeadon, 1987).  While 
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these principles are widely accepted and applied, the fundamental mechanism of friction 
remains one of the most familiar yet least understood facets of mechanics (Barry, 2002).  
The straight- line relationship between friction and normal load allows it to be 
characterised by a Friction Coefficient (µ), which is the slope of the friction vs load graph 
specific to that shoe-surface combination and test situation (Frederick, 1993; Valiant, 
1993), where  F  =  µ N (Stucke, Baudzus & Baumann, 1984). N is the normal (vertical) 
load in Newtons and F is the horizontal friction force (also in Newtons) that needs to be 
overcome to create slippage of the shoe on that surface. For example, in a test of Shoe A 
on Court X loaded with a mass of 100 kg (N = 981 Newtons), if a horizontal force (F) of 
600 Newtons is required to cause the shoe to start slipping, then µ would be 0.61. This 
single empirical test characterises the shoe friction and allows it to be compared to a wide 
range of other shoes tested on that same surface and under the same conditions.  
The µ concept is widely used in surface tests, for example to minimise falls in public 
spaces, and in the design of footwear. Linear friction coefficients above 0.3 are adequate 
for walking, 0.6 for braking when running, 0.7 for propulsion when running, and 0.8 for 
braking as part of a cutting manoeuvre (Valiant, 1993). Coefficients above 0.8 are 
considered more than adequate for even the most powerful athletic movements 
(Frederick, 1993), while coefficients above 0.5 did not subjectively or objectively change 
an athlete’s ability to perform a cutting manoeuvre (Pedroza, Fernandez, Heidt & 
Kaeding, 2010). Despite this, friction coefficients of sports shoes of 1.7 (Nigg & Yeadon, 
1987) and 1.8 (Andreasson, Lindenberger, Renstrom & Peterson, 1986) have been 
measured, and shoe manufacturers have used µ values as a marketing tool in the lucrative 
sporting shoe market. Although Coulomb’s principles do not apply to granular or 
lubricated surfaces (Barry, 2002) the µ concept is still useful. For example, Nigg (1993) 
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provided data on a dry vs wet linoleum walkway (65% reduction in µ) and on the 
reduction of µ on a dusty court (0.5) compared to a clean basketball court (1.2).  
Rotational friction is affected by the same factors that affect linear friction, such as 
outsole material and design and surface material and condition (Valiant, 1993). Materials 
testing suggested a high correlation between linear and rotational friction (Frederick, 
1993). But subject vs materials tests by Nigg and Yeadon (1987) indicated that the 
rotational moment measured on an athlete did not correlate well with the material test of 
linear µ for the shoe-surface combination being worn. This led them to the conclusion 
that the results of rotational and linear friction tests relate to two different movement 
situations and should be clearly distinguished from one another (Nigg & Yeadon, 1987). 
A broader conclusion of Nigg and Yeadon’s review was that materials tests and human 
tests give such disparate results that conclusions from materials tests should not be 
extrapolated to explain the forces on an athlete’s body during sport, but rather stay within 
the confines of empirical material test data (Nigg & Yeadon, 1987).  
A rotational friction coefficient (usually symbolised as η) has been used in a similar 
manner to the linear friction coefficient, in this case TR = η F (Stucke et al., 1984), where 
F is the normal (vertical) force, in Newtons, and TR is the peak rotational friction torque 
before slipping occurs, measured in Newton-metres (Nm). So η has a dimension of metres 
and is not a true coefficient. Some researchers use derivations of that formula in order to 
continue using the neat concept of a coefficient, whereas other researchers only use 
empirical torque values (TR, in Nm) in their reporting (Nigg & Yeadon, 1987). As 
mentioned earlier, the use of a coefficient is a neat way to characterise something like a 
shoe-surface combination in one simple number, but if the validity of the coefficient is 
questionable then it should not be used.    
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This information on linear and rotational friction provides a useful background to the 
subject of rotational traction on natural turf football fields, mainly by contrast. In 
basketball, for example, the court has a high degree of spatial and temporal homogeneity, 
and is non-compliant so that the shoe-surface interaction is largely two dimensional. A 
single friction coefficient can characterise a particular shoe-surface interaction in a useful, 
predictive way. In natural turf, none of these things are true and the interaction between 
boot and surface is much more complex and idiosyncratic.  
Several researchers have noted that the validity of the friction coefficient diminishes as 
shoe-surface interactions adopt a more three dimensional nature. Nigg &Yeadon (1987), 
Valiant (1993) and Barry and Milburn (1999) reported examples where factors such as 
adhesion and the degree of contact between the shoe and surface asperities affected 
friction in ways not predicted by Coulomb’s law, and where the µ concept was clearly not 
valid. Yet Barry (2002) reviewed around forty reports in the literature where µ was still 
calculated on various artificial turf surface-shoe combinations, even though the 
interaction was clearly three dimensional and the use of the coefficient was invalid. The 
concept was even adapted to compare rotational grip of cleated shoes on synthetic turf 
(e.g. Sabick, Cooper, Kuhlman & Pfeiffer, 2009) which was clearly invalid. It is apparent 
that the neatness of the µ concept and its ability to characterise the grip characteristics of 
a shoe or surface in one simple number is hard to let go of, despite evidence of lack of 
validity.  
Boot-surface traction on football fields 
The first and second generation synthetic turfs of the 1960s and 70s had a short pile and 
the shoe-surface interaction was relatively two dimensional, so it was common and 
thought useful to continue to use the concept of friction coefficient (e.g. Milner, 1972; 
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Stanitski, McMaster & Ferguson, 1974; Valiant, 1990). But it became increasingly clear 
that shoe-surface grip in later generation synthetic turfs, with a deeper pile, was much 
more a function of the resistance between studs and the three dimensional profile into 
which they penetrated and Coulomb’s principles were demonstrably invalid (Barry, 
2002). Kuhlman and colleagues (2010) provided boot test data on the synthetic surface 
FieldTurf showing instances where static traction was less than dynamic traction and 
traction coefficients decreased as load increased, both in contradiction of Coulomb’s 
principles (Kuhlman, Sabick, Pfeiffer, Cooper & Forhan, 2010).  
Barry (2002) reported that the traction provided by cleated shoes was largely a function of 
stud resistance to the profile into which they had penetrated. In the case of natural turf, 
this means interaction with soil factors such as texture, moisture and shear strength. 
Coulomb proposed a law on shear failure of soils in 1773, later amended by Mohr in 1882 
to the Mohr-Coulomb Failure Law, which states that soil shear strength is a function of 
the cohesive forces within the soil and the friction between soil particles and the normal 
force applied to the surface. When a large enough horizontal strain is applied a failure line 
will be created, below which the shear strength withstands the strain, and above which the 
shear strength is overcome and the soil will give way (Barry, 2002). The Mohr-Coulomb 
Failure Law applies to soil, however, and the presence of grass makes this even more 
complex. Where cleats penetrate a turfgrass surface to provide traction, a greater number 
of variables become relevant, including multiple soil and surface factors and shoe outsole 
factors (Barry, 2002; Valiant, 1993).  
Traction on synthetic surfaces differs from that on natural turf in many other respects. 
Higher surface temperature of a synthetic surface, for example, increases traction (Torg, 
Stilwell & Rogers, 1996), which has not been demonstrated on natural turf.  Synthetic 
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surfaces also provide a more uniform surface.  The traction of natural turf surfaces varies 
markedly over the playing area because of differences in grass coverage, moisture 
content, soil compaction and other factors (Roche, Loch, Poulter & Zeller, 2008).  On 
professional soccer pitches in the UK, Baker and Woollacott found rotational traction on 
natural grass fields had a much wider range compared to synthetic pitches (Baker & 
Wollacott, 2005). So, as well as soil type and grass type, traction on natural turf should 
consider spatial variability as an agronomic factor. Being a living organism that responds 
to seasonal influences, temporal variability should also be considered as an agronomic 
factor requiring investigation.  
Linear boot-surface traction on football fields 
There has been extensive research on linear shoe-surface grip related to public safety and 
slip prevention, and some of these tests have been adapted to test cleated boots on football 
turf. Test devices commonly used a prosthetic foot fitted with a shoe or a studded steel 
plate mounted on a pendulum, ramp and trolley or towed sled apparatus (Bell, Baker & 
Canaway, 1985; Haake, Carré, Kirk & Senior, 2004; Stanitski, McMaster & Ferguson, 
1974; Valiant, 1990). Such tests have been successful in differentiating between various 
boot-surface combinations. High linear traction is typically related to performance 
(Ekstrand & Nigg, 1989), including acceleration, running speed and kicking. For 
example, in a study comparing various boot types on a synthetic soccer surface, linear 
traction was found to have the greatest influence on kicking velocity of the various boot 
features involved (Sterzing & Hennig, 2008). While linear traction is usually only related 
to performance, it has been speculated that high linear traction also plays a role in knee 
and ankle injury (Stefanyshyn, Lee & Park, 2010). But most research has concentrated on 
the link between knee and ankle injuries and high rotational traction, not linear traction.  
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Measuring boot-surface rotational traction on football fields 
Torsion is a twisting stress on an axis (e.g. the leg) due to an applied torque. Torque is a 
twisting force applied to an axis that creates torsion and perhaps rotation of the axis. The 
amount of torque is a product of the external force (in Newtons) being applied to the axis, 
and the distance (in metres) out from the axis that the force is acting. The greater that 
distance, the higher the torque, due to a lever effect. Torque is sometimes referred to as 
moment, although strictly speaking torque only covers the turning force required to 
produce torsion on the axis, whereas moment refers to the force required to produce 
torsion and then rotation. Moment is a more inclusive and accurate term (Frederick, 1993) 
but the usage varies between disciplines (between physics and mechanical engineering, 
for example) and between countries. Medical papers reporting on the forces in the leg and 
ankle or knee often just refer to torsion, the stress. All three terms (torque, moment and 
torsion) are measured in Newton-meters (Nm), or Foot-Pounds in imperial measurement, 
where 1 Nm = 0.737 ft-lb and 1 ft-lb = 1.356 Nm.  
Early attempts to characterise rotational traction on football fields used a portable soil 
shear vane apparatus. This device has steel blades fitted to an axis, which is inserted into 
a profile and twisted to a point where soil strength fails and the blades twist free. The 
device is calibrated to provide shear strength values in pressure units (kPa), factoring in 
the surface area of the blades. Typical results range from 5 kPa (low shear strength) to 
120 kPa and above. The output should be referred to as soil shear strength, but some early 
papers report such data as rotational traction. Rogers and Waddington (1989, 1990a) used 
a shear vane apparatus to assess turfgrass traction, and applied a formula to convert shear 
strength data from kPa to Nm. They found differences between soil treatments, such as 
compacted compared to aerated soil, and between grass treatments, such as Kentucky 
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bluegrass compared to tall fescue (Rogers & Waddington, 1990a). Shear vane blades 
penetrate further into the soil than even the longest football boot stud, however, and its 
validity in characterising traction relevant to a player with studded boots is doubtful. 
Holmes and Bell (1985) found no correlation between a shear vane and a rotational 
traction device fitted with football studs.  
The consensus that shear tests didn’t adequately characterise rotational traction led to the 
development of testing devices that used real cleats or studs, either screwed into a circular 
steel plate, or on a commercially-available boot fitted to a prosthetic foot. In these 
devices, the disc or boot is dropped and held to the turf surface by weights, and torque is 
applied to the axis, which represents the leg. As the applied torque increases, torsion on 
the axis and the boot/disc increases but is largely resisted by the interaction between the 
studs and the surface. At some point (peak torque) the torsion overcomes this resistance 
and the boot/disc tears the turf and starts to rotate.   
In Pennsylvania, Torg & Quedenfeld (1971, 1973) had published epidemiological data 
concluding that the incidence of knee injuries was dramatically reduced when players 
wore boots with 9 mm long studs instead of boots with 19 mm studs. They develop a 
device to quantify the shoe-surface rotational traction of the boots to complement their 
epidemiological results. It consisted of a prosthetic foot that could be fitted with any type 
of boot, connected to a shaft fitted with weights to bear down on the boot, which was 
placed in full foot stance on a test surface. The device was portable enough to allow in 
situ testing of both natural and synthetic turf fields. A torque wrench was used to 
determine the peak torque required before the boot was able to break free in the surface. 
They tested various weights and found a linear relationship between torque and load, 
which they argued allowed them to calculate a release coefficient (r value) that was 
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characteristic of a specific shoe-surface combination, where r = peak torque ft-lbs/normal 
weight lbs.  Boot-surface combinations with r values greater than 0.4 were considered 
unsafe due to knee injury risk (Torg, Theodore, Quedenfeld & Landau, 1974). The r 
concept is similar to the µ or η concepts, being the slope of the torque vs loading 
regression line, and assumes that relationship is relatively linear. The r values of various 
shoe-surface combinations corresponded well with Torg and colleagues’ epidemiological 
findings, reinforcing their hypothesis that high shoe-surface rotational traction was a 
major factor in serious knee injury in football (Torg et al., 1974). This research is 
discussed in more detail later in this review. The authors cited no references regarding the 
design of the device but it was probably adapted from those developed to bench-test the 
torque of ski-boot bindings in related research to reduce knee injuries in skiing.   
The Sports Turf Research Institute (STRI) at Bingley in the UK, built a similar device 
using a studded steel disc instead of a prosthetic foot. Known as the Studded Boot 
Apparatus (SBA), it was originally described by Canaway (1975), and improved over the 
following decade (Canaway & Bell, 1986). The original device used a load of 47.8 kg on 
a circular steel disc fitted with boot studs, to simulate the forces applied by an athlete, as 
estimated from their calculations of foot surface area and landing forces. The studded disc 
was separated from the weights by a bearing, and fitted to a shaft fitted with a single-
handed torque wrench. The torque wrench was rotated manually and the point at which 
the studs tore free in the turf and rotated more freely was measured as peak torque in Nm.  
Even in this early research, Canaway (1975) recognised the potential importance of the 
rate of increase of torsion (rotational stiffness) in the foot fixation and knee injury 
context. He recorded the increase in applied torque against the increase in rotation angle, 
as measured by a protractor, and noted an initial linear phase (the elastic region) followed 
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by a plastic phase, where torque remained relatively constant through further angles of 
rotation. He graphed rotational stiffness with torque on the horizontal (x) axis and angle 
of rotation on the vertical (y) axis, perhaps reasoning that applied torque caused rotation 
of the boot (Canaway, 1975). Later rotational stiffness graphs (e.g. Chivers, 2008; Heidt 
et al., 1996; Livesay, Reda & Nauman, 2006; Roche et al., 2008; Villwock, Meyer, 
Powell, Fouty & Haut, 2009b; Wannop, Luo & Stefanyshyn, 2009) placed torque on the y 
axis, on the understanding that rotating the boot causes the torque to rise. It could be 
argued either way, but as mentioned, more recent rotational stiffness papers have a 
convention of placing torque on the y axis and rotation angle on the x axis. Heidt and 
colleagues graphed time on the x axis against torque (Heidt et al, 1996) as an indicator of 
rotational stiffness, which is an alternative viewpoint that has not been adopted by others, 
possibly because the rate of rotation varies widely between devices, whereas the angle of 
rotation is independent of the rate of rotation.    
Despite Canaway’s early progress in studying rotational stiffness, later reports from the 
STRI group and most other researchers using the SBA or similar devices adopted the 
simpler approach of reporting only peak torque and not rotational stiffness. In 1985, 
Winterbottom modified the SBA to use a spring that was compressed by the operator to 
provide normal load, rather than the 46 kg weights. He manipulated peak torque data to 
calculate a coefficient of traction, taking into account the radius of the studs on the disc. 
Just as force applied at a greater radius will increase torque on an axis by a lever effect, at 
the other end of the device a greater radius of stud placement on the disc will create a 
higher torque for a shoe-surface combination. Winterbottom’s torque calculation included 
the stud radius effect and found increasing torque with increases in soil moisture, grass 
coverage and rooting depth (Winterbottom, 1985). None of the later STRI reports used 
Winterbottom’s calculation or the spring method of imposing load, and the SBA reverted 
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to using the 46 kg weights with a consistent stud radius of 46 mm (Canaway & Bell, 
1986).  By standardising the stud radius and other aspects of the SBA configuration, its 
developers evidently intended it as a tool to provide consistent, comparative data across 
different surface conditions. The symmetrical pattern of studs had another advantage, by 
avoiding any possible variation due to the direction of SBA rotation. Smeets et al. (2012) 
found that torque was higher with a blade-type boot rotating externally compared to when 
rotating internally (Smeets et al., 2012), a complication that the SBA avoids.  
However, the original SBA had limited reliability, leading Canaway and Bell (1986) to 
modify their design. In 1986 they specified a two-handed torque wrench with a dial-
indicating readout of peak traction, a total dropping weight of 46 kg, the use of a bearing 
between the weights and studded disc to minimise frictional effects, and a configuration 
of 6 x 14 mm long x 12.5 mm diameter conical studs at 60o intervals at a radius of 46 mm 
from the axis. The drop height of 60 mm was standardised by using a tripod with a release 
mechanism (Canaway & Bell, 1986). This model was adopted as the British Standard for 
Rotational Resistance of Sports Surfaces (BS EN15301-1, 2007) with the alterations that 
there was no requirement for a bearing between the weights and the studded disc, an 
instruction that the operator rotate the torque wrench at a rate of 72o per second in one 
smooth action, and that 13 mm long studs were specified.  
Despite the creation of a standard for the device and the test method, and its use in the 
field for nearly forty years, the SBA has limitations in portability, consistency and, more 
importantly, reliability. Twomey and colleagues reported a low inter-rater reliability of an 
SBA device between operators (r = 0.51, classed as moderate reliability). Interestingly, 
they found an even lower inter-rater reliability between experienced operators (r = - 0.16, 
classed as not reliable) than between newly trained operators (Twomey et al., 2011). It 
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may be that experienced operators become complacent and don’t strictly adhere to the 
correct technique. To address the issue of poor SBA operator reliability, Zeller (2008) 
built a device based on the SBA parameters (same disc, drop height and load) but with an 
automated drop, rotation and data collection process (Zeller, 2008). His original, patented 
device (the Automated Turf Tester) is currently used in research and sportsfield 
monitoring in Queensland, Australia; data from that research will be reviewed later in this 
thesis. In 2010 Zeller built a similar device for the University of Ballarat, with some 
further modifications and improvements. This device was used in data collection for this 
thesis, and will be discussed in detail in Chapter 5.  
A limitation in much of the literature where the SBA has been used is that authors may 
neglect to report the stud length. Unless stated, one can only assume they conform to the 
British Standard, using 13 mm ± 0.5mm nylon studs (BS EN15301-1, 2007). In situations 
where natural turf is thatchy, 13 mm studs may not penetrate to the soil (Chivers & 
Orchard, 2008). The convention in Australia has been to use 17 mm studs, but the ability 
to compare data with other reports based on the SBA with 13 mm stud length is lost, and 
there is no evidence to support an assumption that rotational traction increases in a linear 
fashion with stud length.   
Many other devices have been developed to quantify football surface traction, reflecting 
the ideas, priorities and budgets of different research teams (see Table 2.8). Some of these 
are briefly discussed below. The Pennfoot® apparatus developed at PennState University 
attempted to address the validity concerns of surface materials testing raised by Nigg 
(1990). The Pennfoot accommodates various boot types via a prosthetic leg and foot, 
which can be inclined to concentrate weight on the ball of the foot or set to a flat position. 
It can impose various loads, including those similar to those exerted by an athlete, such as 
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102 kg, yet is portable enough to enable measurement in the field (McNitt, 1994; McNitt, 
Waddington & Middour, 1997).  
In the late 1990s, Barry designed and built a device at the Royal Melbourne Institute of 
Technology to measure both linear and rotational boot traction. Most tests involved a 
cleated steel plate instead of a boot, interacting with an air-dried sand surface instead of a 
turf surface. The device was able to measure vertical displacement of the boot, a novel 
feature of this device. Studs or flat keys (simulating bladed cleats) could be located in 
various configurations in order to explore some fundamental traction behaviours, which 
was the focus of the research, rather than empirical testing of surfaces (Barry, 2002).  
The Boise State University developed the Turf Buster to measure both linear and 
rotational traction under various loads. Using this device, Kuhlman and colleagues 
reported a shift in traction behaviour above and below a normal load of 666 N (68 kg), 
and concluded that traction tests on football field surfaces should use a normal load 
similar to that of a football player, greater than 666 N and preferably greater than 888 N 
(90 kg) and even up to 1554 N (158 kg), to adequately characterise boot-surface traction 
(Kuhlman et al., 2010).  
The relationship between torque and load is contentious. Some authors have reported a 
linear relationship (e.g. Heidt et al., 1996; Livesay. Reda & Nauman, 2006; Smeets et al., 
2012; Torg et al., 1974), which meant that a single traction coefficient could reasonably 
characterise a specific boot-surface combination. But other researchers have reported that 
the relationship between torque and load is not linear (e.g. Cawley et al., 2003; Haake et 
al., 2004; Kuhlman et al., 2010). This issue has not been resolved, and the understanding 
of traction behaviour is clouded by this, and by the multitude of devices and tests (Table 
2.8); yet there appears to be no move towards a common methodology (Fleming, 2011).
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Table 2.8: Summary of the main rotational traction testing devices reported in the literature, indicating foot type and stance, whether it measures linear or 
rotational traction or both, the normal load used, and the nature of the rotational traction output (r value, peak torque or rotational stiffness). 
              
Report Location Foot type Stance Linear or Rotational Load Output 
Torg et al., 1974 Temple, Penn Foot full foot rotational usually 446 N r value 
Bostingl et al., 1975 PennState Foot various rotational usually 883 N peak torque 
Canaway, 1975 STRI, UK Disc  rotational 451 N peak torque 
Valiant, 1993 Nike, Oregon Foot full foot both various peak torque 
Andreasson & Peterson, 1986 Sweden Foot various both various peak, L value 
Lambson et al., 1996 W.Texas A&M Foot forefoot rotational 446 N peak torque 
Heidt et al., 1996 Ohio, WA, Ca Size 9 foot full foot both 111 N peak, r, stiffness 
Middour, 1992; McNitt, 1994 PennState Size 10 foot full foot both usually 1000 N peak torque 
Barry, 2002 NZ and Australia Foot or disc forefoot both 400 N peak torque 
Cawley et al., 2003 Ohio, WA, Ca Foot full foot both 178-981 N peak, stiffness 
Chivers, 2005 Melb, Australia Disc  rotational 451 N peak, stiffness 
Livesay et al., 2006 Indiana Sole fit to disc forefoot rotational 67-511 N peak, stiffness 
Zeller, 2008 Qld, Australia Disc  rotational 451 N peak, stiffness 
Cooper, 2009 Boise State Size 12 foot full foot mostly linear up to 3500 N peak resistive torque 
Villwock et al., 2009 Michigan State Size 13 foot full foot rotational 1000N  peak, stiffness 
Wannop et al., 2010 Canada Foot forefoot both 580 N peak, stiffness 
Stefanyshyn et al., 2010 Canada Foot  both various peak torque 
Grund & Senner, 2010 Germany Foot various both various peak, stiffness 
Smeets et al., 2012 Belgium Foot full foot rotational 200 - 400 N peak 
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SBA rotational traction standards and values on football fields   
 
Rotational traction test protocols and standards are increasingly being codified by 
organisations such as national standards associations or football leagues (e.g. FIFA, 2008; 
Twomey, Otago, Saunders & Schwarz, 2010) to assess compliance with construction 
standards, to assess field quality for suitability for specific events, or for research 
purposes (Bartlett et al., 2009). Such tests and standards must be based on objective data, 
using devices that are valid, accurate and reproducible. In addition, test methods that are 
quick and non-disruptive to the turf, using devices that are relatively inexpensive, low-
maintenance and robust would encourage their use by turf practitioners and improve the 
adoption of research in the field. The SBA is currently the most widely-used device in 
rotational traction testing.  
Holmes and Bell (1986) reported the acceptable SBA rotational traction for Association 
football pitches in the UK as above 20 Nm, with a preferred level above 30 Nm. No upper 
limit was given. Their study of Association soccer players in the UK showed a good 
agreement between player perceptions of grip and SBA peak torque (Bell & Holmes, 
1988). Traction levels varied from 9 – 50 Nm on the fields studied. Players were asked to 
rate grip as poor, satisfactory or good. Of 379 total responses, none of the footballers 
thought that grip in the range 10 – 20 Nm was good, 73% of respondents thought grip was 
satisfactory in the range 20 – 30 Nm, and 71% of players rated grip in the 40 – 50 Nm 
range (the highest range bracket) as good. In a later survey on professional soccer pitches 
in the UK, Baker & Woollacott reported SBA peak torque values on natural grass fields 
ranging from 28-72 Nm. On synthetic pitches rotational traction was similar in magnitude 
but in a narrower range, between 39-63 Nm (Baker & Wollacott, 2005).  
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In Australian football, Chivers collected SBA data (15 mm long studs) from elite-level 
AFL grounds over two seasons (2002/2003) and found a mean peak torque of 48 Nm and 
a range of 21-74 Nm (Chivers, 2008). In his survey of 1,244 AFL players, the perception 
of grip being good increased from 48% in the 25-35 Nm bracket up to 83% at 35-45 Nm 
and 85% at 45-55 Nm (Figure 2.10). Paradoxically, the number of players rating the grip 
as not good enough rose from 15% at 45-55 Nm to 40% when traction was in the 55-65 
Nm range (the highest range). It was thought that two of the eight grounds tested were 
harder than usual and players interpreted this as a reduction in grip, possibly as their studs 
may not have been penetrating effectively (Chivers, 2008) .  
 
Figure 2.10: Player perception of grip (adapted from Chivers, 2008) 
 
Only three players (0.8%) thought that there was too much grip in that highest 55 – 65 
Nm range. It is possible that players prefer high traction for the performance aspect and 
discount any risk to their ACL, if they are even aware of it. Chivers also surveyed 
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player’s opinion on post-match recovery, finding a large increase in players reporting 
their recovery as worse than usual with higher traction, from 12% in the 45-55 Nm range 
to 30% in the 55-65 Nm range. However, players rated the pace of any particular game as 
having more effect on their recovery than surface traction (Chivers, 2008).  
Chivers concluded that, from the point of view of AFL players, SBA rotational traction 
(15 mm studs) in the range 35-55 Nm was the desired level of grip. Chivers and Aldous 
(2003) nominated traction values for Australian Football fields as: Unacceptably Low 
(less than 20 Nm), Low-Normal (21-39 Nm), Preferred Range (40-54 Nm), High-Normal 
(55-74 Nm) and values greater than 75 Nm as Unacceptably High (Chivers & Aldous, 
2003). The recommendation for football in Queensland is 30 - 50 Nm (McAuliffe & 
Roche, 2009), although the stud depth relevant to this recommendation was not given.  
It appears that players appreciate high traction for the performance that it allows, but that 
levels over 40 – 50 Nm are not needed and should be avoided if there is evidence that it 
increases knee or ankle injury risk. Some recommendations for peak torque are based 
specifically on the research linking high rotational traction to knee injuries. Torg et al. 
(1974) and Valiant (1990), for example, recommended a maximum peak torque of 30 Nm 
due directly to their concern with the link between high boot-surface traction and ACL 
injury.  
ACL injury is a major injury concern in all codes and at all levels of football, so it is 
important for a turf scientist involved in football surfaces to be well informed on the 
problem. The next pages will review the important ACL-injury literature in as brief a 
manner as possible. An expanded review of this area is provided in Appendix A. 
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Anterior Cruciate Ligament (ACL) injury 
 
The ACL is one of four main ligaments that connect the femur to the tibia. It is composed 
mainly of collagen, and can be torn or ruptured if stretched beyond its elastic limit. 
Natural healing of a damaged ACL is rare (Gillquist & Messner, 1999), and surgery is 
usually required. Recovery time averages 56 weeks in the NFL (Carey, Huffman, Parekh 
& Sennett, 2006), but between 20 – 37% of NFL players never return to their team after 
ACL injury (Carey et al, 2006; Shah, Andrews, Fleisig, McMichael & Lemak, 2010). 
Knee injury is the most common cause of a premature end to a sports career (Gillquist & 
Messner, 1999). An ACL injury involves a high risk of concurrent secondary injury 
(Meyer, Baumer, Slade, Smith & Haut, 2008), of further knee injury on return to football 
(Walden, Hagglund & Ekstrand, 2006) and of knee degeneration later in life (Alentorn-
Geli et al, 2009a; Gillquist & Messner, 1999; Markolf et al., 1995; Renstrom et al., 2008; 
Yu & Garrett, 2007). In short, ACL injury involves a high cost to society, sporting clubs 
and leagues, and to the individual. ACL injury is reported as having the highest economic 
cost of injuries in sports such as soccer (Alentorn-Geli et al, 2009b).  
Despite its impact, very little progress has been made in reducing the rate of ACL injury 
in football, although knee injuries in the NFL declined from around 0.2 per game in 1960 
to around 0.12 per game in 1985, due in no small part to medical screening to avoid 
drafting vulnerable players (Nicholas, Rosenthal & Gleim, 1988). In Australia the total 
number of ACL surgeries is over 10,000 per year (Janssen, Orchard, Driscoll & van 
Mechelen, 2011), and the number of football-related ACL injuries was estimated to be 
over 5,000 per year (Ackland, Lloyd, Besier & Cochrane, 2002). In the AFL, with around 
800 listed players, the average number of ACL reconstructions per year is 13.9. The 
average incidence is 0.8 ACL injuries per club per year, with ACL injury prevalence 
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causing an average of 12.4 lost games per club per year (Orchard, Seward & Orchard, 
2012) as detailed in Table 2.9.  ACL injuries in the AFL are responsible for 8.9% of 
missed games, averaged over a ten year period, ranking third after hamstring injuries 
(15.5%) and groin injuries (9.6%) (Orchard & Seward, 2009). 
Table 2.9: ACL injury data from the AFL, showing number of reconstructions, prevalence 
(number of missed games per club) and incidence (number of ACL injuries per club), in the 
period 1992-2012, sourced from Orchard, Seward, & Orchard, 2011 and 2012 
        
Season No. ACL reconstructions  ACL prevalence ACL incidence 
1992 16 15.1 1.1 
1993 7 5.5 0.7 
1994 13 10.1 0.8 
1995 15 14.3 0.9 
1996 20 17.0 1.1 
1997 21 17.8 1.1 
1998 15 15.8 0.8 
1999 8 10.8 0.7 
2000 8 4.8 0.5 
2001 17 13.6 0.9 
2002 15 15.3 0.8 
2003 11 10.8 0.6 
2004 9 10.1 0.5 
2005 10 9.3 0.6 
2006 19 14.1 0.9 
2007 13 15.1 0.6 
2008 17 15.3 0.9 
2009 13 11.1 0.7 
2010 9 7.8 0.6 
2011 20 13.4 0.9 
2012 16 13.5 0.8 
Mean 13.9 12.4 0.8 
SD 4.3 3.6 0.2 
 
The proportion of non-contact ACL injury in football has been reported as 56% 
(Cochrane, Lloyd, Buttfield, Seward & McGivern, 2007), 57% (Arendt & Dick, 1995), 
60% (Ackland et al., 2002), 75% (Boden et al., 2010), 78% (Delfico & Garrett, 1998), 
76% (Orchard and Seward 2005) and 70-84% (Alentorn-Geli et al., 2009a). If 75% of the 
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13.9 ACL injuries per year in the AFL are non-contact injuries (Orchard, 2005), then 
around 1.3% of AFL players will suffer a non-contact ACL injury in any normal year.  
The most common situations leading to non-contact ACL injury in football occur almost 
immediately on footstrike during manoeuvres such as evasive cutting or pivoting on a 
planted foot, spontaneous stopping or deceleration, or landing from a jump with knee near 
full extension (Ackland et al., 2002; Alentorn-Geli et al., 2009a; Boden, Dean, Feagin & 
Garrett, 2000; Cerulli, Benoit, Lamontagne, Caraffa & Liti, 2003; Fauno & Jakobsen, 
2006; Quatman & Hewett, 2009; Wannop, Worobets & Stefanyshyn, 2010). Video 
analysis of 34 AFL players sustaining ACL tears between 1992-1998 showed the injury 
occurred mostly in landing or cutting actions, at slow speed and when decelerating, at 
foot contact with the ground (Cochrane et al., 2007). In American collegiate football, 
around 30% of ACL-injured players cited rotation about a planted foot as the injury 
mechanism, although some players with contact ACL injuries noted that their foot was 
planted and a player-contact force applied, so foot fixation might be involved in both non-
contact and some contact ACL injuries (Dick et al., 2007). ACL loads are reported to be 
higher in unanticipated cutting manoeuvres compared to anticipated manoeuvres (Besier, 
Lloyd, Ackland & Cochrane, 2001; Besier, Lloyd, Cochrane & Ackland, 2001; Houck, 
Duncan & De Haven, 2006) which is probably why ACL injury is much more prevalent 
in games than in practice. 
Several authors referred to foot fixation in a cutting manoeuvre as a key and even self-
evident factor in ACL injury (e.g. Gehring, Rott, Stapelfeldt & Gollhofer, 2007; 
Lambson, Barnhill & Higgins, 1996; Torg et al., 1974), which pre-supposes that the foot 
rotates, or needs to rotate, although there is a deficiency of empirical evidence on this 
point. Andrews and colleagues reported on biomechanics of the cutting manoeuvre in 
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some detail, but at no time was rotation of the planted foot discussed (Andrews, McLeod, 
Ward & Howard, 1977). Frederick (1993) maintained that the traction involved in a pivot 
manoeuvre was purely linear, as the player plants the foot when decelerating and requires 
only that the foot doesn’t slip before pushing in a new direction, without the foot actually 
rotating (Frederick, 1993). In contrast, Atnip & McCrory (2004) reported that feet rotated 
in the range 5-7o in a sidestep cutting manoeuvre, although the athletes were in bare feet 
(Atnip & McCrory, 2004).  
There is actually no consensus in the medical literature that boot-surface traction is linked 
to ACL injury risk at all. In five major recent reviews of ACL injury risk factors in sport, 
very little attention (Alentorn-Geli et al, 2009a; Griffin et al., 2006;  Serpell, Scarvell, 
Ball & Smith, 2012) or no attention (Boden et al., 2010; Shultz et al., 2010) was paid to 
boot-surface rotational traction. It is entirely possible that ACL injury risk factors are 
intrinsic and that the effect of boot-surface rotational traction is inconsequential. Despite 
the intensity of medical research in this area there is no general agreement on the injury 
mechanisms and risk factors. One recent paper has the title: ‘The ACL Injury Enigma: 
We can’t prevent what we don’t understand’ (McLean, 2008). There are around thirty 
discrete ACL injury risk factors listed in the literature, as summarised below: 
Anatomical Risk Factors: Include quadriceps:femoris angle, knee valgus angle, foot 
pronation, body mass index, intercondylar notch width, and ACL material properties.  
Hormonal Risk Factors: Specifically regarding the effects of oestrogen level on ACL 
structure and tensile strength, collagen synthesis, knee laxity and even motor skill.  
Neuromuscular Risk Factors: Include kinematic variations in ankle, knee and hip 
flexion, knee valgus, knee stiffness and laxity, hip and tibia rotation, lateral displacement 
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of the trunk, imbalances in quadriceps vs hamstring strength, general muscle flexibility, 
coordination and stiffness, fatigue and level of anticipation in the manoeuvre.   
Other intrinsic risk factors not specifically listed in these recent reviews include familial 
tendency (Hewett et al., 2010) or a specific genetic disposition (Cross, Gibbs & Bryant, 
1989; Posthumus et al., 2009), previous ACL injury  (Arnason et al., 2004; Orchard, 
Seward, McGivern & Hood, 2001) or any previous injury (Fauno & Jakobsen, 2006), 
weight but not height (Orchard et al., 2001), and age, possibly due to hormonal and 
physical changes after puberty or changes in skeletal maturity (Wojtys & Brower, 2010). 
A risk factor that is sometimes anecdotally raised but notably absent in the literature is the 
effect of increased playing speed and intensity on ACL injury risk.   
Extrinsic Risk Factors: Include meteorological conditions, surface hardness, boot-surface 
traction and the use of protective equipment.  
ACL injury research teams appear to favour one or other of the factors implicated in ACL 
injury (Bussey, 2012; Hashemi et al., 2010). It may be that one mechanism is more 
prevalent in one cohort (females, for example) or in one sport or type of  manoeuvre 
compared to another. The main ACL injury hypotheses are:  
Excessive anterior tibial displacement and quadriceps drawer hypothesis: The ACL 
restrains the forward movement of the tibia on landing or decelerating. However, high 
ground reaction forces (GRFs), especially in a flat-foot landing, and/or an excessive 
quadriceps contraction relative to hamstring activity (Q:H ratio) can result in excessive 
anterior tibial displacement, and potentially damaging strain on the ACL (Boden, Torg, 
Knowles & Hewett, 2009; Boden et al., 2010; Boden et al., 2000;  Cerulli et al., 2003; 
Chappell, Creighton, Giuliani, Yu & Garrett, 2007; Colby, Francisco, Yu, Kirkendall, 
Finch & Garrett, 2000; DeMorat, Weinhold, Blackburn, Chudik & Garrett, 2004; Hanson, 
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Padua, Blackburn, Prentice & Hirth, 2008;  Krosshaug, Andersen, Olsen, Myklebust & 
Bahr, 2005;  McLean, Su & van den Bogert, 2003; Meyer et al., 2008). In a flat-foot 
landing the GRFs are transmitted directly to the knee as a single-phase impact of short 
duration, and GRFs may be up to 18 times the athlete’s bodyweight (Boden et al., 2010). 
In video analyses of basketball games, players experiencing ACL injury frequently landed 
with a flatter footplant compared to non-injured players (Boden et al., 2010). Where three 
or four video camera angles of actual ACL injury events are available, 3D modelling and 
body simulation software allows improved interpretation of the kinematics.  From early 
work in this area, Grund and colleagues reported that the critical time of injury was 
between 50 – 250 ms, or more narrowly, in the period 80 – 120 ms after footstrike. GRFs 
were reported in their study at nearly four times the athlete’s bodyweight (Grund, Reihl, 
Krosshaug, Senner & Gruber, 2010). Notably, the actions in this hypothesis do not 
involve foot rotation.  
Knee position hypotheses: Low knee flexion, especially hyperextension, during cutting 
manoeuvres has been cited as an ACL injury risk by several authors (Arendt & Dick, 
1995; Cochrane et al., 2007; Delfico & Garrett, 1998; Griffin et al., 2006; Kipp, McLean 
& Palmieri-Smith, 2011; Markolf et al., 1995; Olsen, Myklebust, Engebretsen & Bahr, 
2004;  Podraza & White, 2010; Quatman & Hewett, 2009). Valgus or varus position or 
collapse in landing have also been implicated in the injury (Alentorn-Geli et al., 2009a;  
Boden et al., 2010;  Hewett, Lindenfeld, Riccobene & Noyes, 1999;  McLean, Huang & 
van den Bogert, 2005;  McLean, Lipfert & van den Bogert, 2004; McLean, Huang, Su & 
van den Bogert, 2004; McLean, Huang, & van den Bogert, 2008; Meyer & Haut, 2005; 
Meyer et al., 2008; Sigward & Powers, 2007;  Withrow, Huston, Wojtys & Ashton-
Miller, 2006). Once again, the knee positions in this hypothesis do not appear to involve 
foot rotation.  
85 
 
Rotation hypotheses:  These are the most closely relevant to a rotational traction 
mechanism. A differential in rotation between the femur and tibia creates strain on the 
ACL. The risk to the ACL depends on how much torsion develops during the manoeuvre 
and how much of that can be absorbed by the leg structures, and possibly how much 
torsion can be dissipated via foot rotation. The critical torsion for failure of the ACL in 
cadaver knees is in the range 29.5 – 43.5 Nm (Shoemaker & Markolf, 1982; Shoemaker, 
Markolf, Dorey, Zager & Namba, 1988) or 37.4 Nm, ± 16.8 Nm  (Meyer et al., 2008). 
Internal rotation is more hazardous to the ACL than external rotation (Wannop, Worobets 
& Stefanyshyn, 2010; Yu & Garrett, 2007) as the ACL twists under internal rotation but 
unwinds, to some extent, under external rotation (Drakos et al., 2010). Drakos and 
colleagues found differences in the rate of strain build-up with different shoe-surface 
combinations and discussed the possibility that the rate of strain increase (i.e. rotational 
stiffness) may be as important, if not more important, than peak torque in rotational 
traction tests (Drakos et al., 2010).  
In summary, there are several intrinsic mechanisms that could, on their own and without 
any contribution from boot-surface rotational traction, be implicated in ACL injury risk. 
There are also mechanisms where rotation could be involved, and where boot-surface 
rotational traction might be implicated. There is no doubt that ACL injury is complex, and 
probably multi-factorial (Markolf et al, 1995). Despite this complexity, there is evidence 
from several sports that simple training drills to improve landing and cutting technique 
can dramatically reduce ACL injury rates, in some cases in the range 70-90% (Alentorn-
Geli et al, 2009b; Griffin et al., 2006; Padua & Marshall, 2006; Silvers & Mandelbaum, 
2011). This area of prevention shows the most promise. However, this thesis is concerned 
with extrinsic factors, especially boot-surface rotational traction, and will proceed by 
assuming that high boot-surface rotational traction is an ACL injury risk factor. 
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Boot-surface rotational traction and ACL injury risk 
Despite the lack of consensus in the literature that boot-surface traction has a role in ACL 
injury (Alentorn-Geli et al, 2009a; Boden et al., 2010; Griffin et al., 2006; Serpell et al., 
2012; Shultz et al., 2010) the hypothesis is accepted as fact by many authors. Abraham et 
al. (1990) stated that “twisting and cutting sports such as football, baseball and soccer 
involve torsional forces placed on the knee which can result in traumatic injuries. In many 
cases these injuries relate directly to the sport shoe design and the nature of the playing 
surface” (Abraham, Newman, Pugh & Shulman, 1990, p 69). In the U.S. Soccer Sports 
Medicine Book, Monto discussed  “..excessively high amounts of traction, with the shoe 
remaining firmly planted in the turf while the rest of the body twisted in a new direction. 
Torsional injuries of the ankle and knee resulted.” (Monto, 1996, p 95). In the American 
Academy of Orthopaedic Surgeons 2001 publication ‘Prevention of Noncontact ACL 
Injuries’, Dick’s chapter on shoe/surface interactions concluded: “Fact: The interaction of 
the athlete’s shoe with the playing surface influences performance and knee injury rates. 
Greater friction between shoes and surface provides better traction for sport performance 
but increases the risk of knee ligament injury” (Dick, 2001, p 11). And Chivers and 
Orchard (2008) stated that “ACL injuries occur in response to very high rotational force 
loads being experienced by the player’s knee and usually do not involve player contact. 
The dominant factor is the inability of the players’ foot to rotate freely within the turf or 
soil at a time when the body is rotating” (Chivers & Orchard, 2008, p115).  
But it is still unclear whether a player’s foot actually rotates, or needs to rotate in a pivot 
manoeuvre. Wilkinson & Grieve (1996) measured torques of up to 70 Nm during lateral 
manual exertions when an athlete’s feet were planted on a force plate (Wilkinson & 
Grieve, 1996) so there is no doubt that there is torsion on the foot during a lateral 
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manoeuvre. But the literature is inadequate on the crucial kinematics of the planted foot in 
a cutting manoeuvre; i.e. whether it rotates or not. Atnip & McCrory (2004) measured 
internal rotations of the planted foot of around 5 – 7o in athletes performing a running 45o 
sidestep, although the athletes were in bare feet (Atnip & McCrory, 2004). Shoes with 
high grip might not allow that rotation, although a planted foot can rotate slightly within a 
boot during a cut manoeuvre, even if the boot stays fixed (Villwock et al., 2009b). Kirk 
and colleagues (2007) used high speed video of athletes in landing and cutting 
manoeuvres but focussed only on sagittal plane views, and offered no insight into foot 
rotation (Kirk et al., 2007). There were no other reports in the literature to provide 
information on that key point, of whether a football player’s foot and boot actually 
rotates, or needs to rotate, in a pivot manoeuvre. Frederick (1993) maintained that the 
traction involved in a football pivot manoeuvre was purely linear, as the player plants the 
foot when decelerating and requires only that the foot doesn’t slip before pushing in a 
new direction, without the foot actually rotating (Frederick, 1993).  
Before proceeding to review the research on the link between extrinsic factors and 
rotational traction and ACL injury risk, it is appropriate to speculate on this critical point, 
and propose five alternative scenarios regarding ACL injury and the boot-surface 
interaction: 
1. Ground factors and boot-surface factors have nothing at all to do with ACL injury risk. 
The risk factors are completely intrinsic. A certain proportion of athletes are intrinsically 
susceptible and pre-disposed to ACL injury.   
2. Sudden deceleration or landing manoeuvres alone lead to ACL injury. High GRFs and 
high quadriceps activation, combined with poor athletic technique and/or high linear 
traction cause excessive anterior tibial displacement and consequent high strain on the 
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ACL. In addition, high linear traction allows athletes to run faster and adopt exaggerated, 
riskier kinematics, such as greater lateral placement of the planted foot in a cutting 
manoeuvre, but boot-surface rotational traction per se is not involved.   
3. The planted foot rotates as a normal part of the cutting manoeuvre, and excessive 
rotational traction at the boot-surface interface traps the player’s boot and prevents or 
limits rotation, thus transferring high rotational forces to the ACL.  
4. The planted foot doesn’t normally rotate as part of the cutting manoeuvre, but rotation 
exists as a safety valve. If high strain is experienced by the ACL in a cutting manoeuvre, 
suitably low boot-surface rotational traction relieves that strain before injury occurs. 
5. ACL injury risk is due to a combination of these factors. Intrinsic factors mean that a 
proportion of athletes are susceptible or pre-disposed to ACL injury, and extrinsic factors 
such as boot-surface traction are the final determinant on whether injury occurs.  
If this last scenario was true, a judgement would need to be made on what maximum 
rotational traction should be tailored to suit the small minority of intrinsically susceptible 
players, to the potential disadvantage of the non-susceptible players and to the quality of 
the game.   
It is also possible that the relevance of these five scenarios varies between sports or 
between cohorts of different age or gender. As mentioned, the literature is deficient in 
critical information regarding these alternatives. In the absence of better knowledge, the 
precautionary principle requires one should accept that high boot-surface rotational 
traction does create a higher risk of ACL injury, and the review will continue on that 
basis, turning attention to the research that supports that contention.  
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Research linking boot-surface rotational traction and ACL injury risk 
Barry (2002) reported that the concept of foot fixation as a football injury risk was first 
raised in 1948, and that in 1969 Rowe had reported a reduction in knee and ankle injuries 
in New York high school football players using lower traction cleats instead of 
conventional cleats (Barry, 2002). Cameron and Davis (1973) provided a lengthy 
discussion on the actions that increase the risk of knee injury, and reported the results of 
an epidemiological study of nearly 3,000 American football players during the 1969 
season. A cohort of 2,055 players wore conventional boots, 266 players wore soccer boots 
with a higher number of shorter cleats, and 466 players wore a swivel boot. The swivel 
boot had four cleats at the forefoot mounted on a turntable set at 10 lb torque (assuming 
they meant 10 ft-lb torque, equivalent to 13.5 Nm). As Table 2.10 shows, the number of 
knee and ankle injuries among the 2,055 players wearing conventional boots was 
considerably higher than in the cohort wearing either soccer-style boots or the swivel 
boots (Cameron & Davis, 1973).  
Table 2.10: Number and proportion of players suffering knee or ankle injuries wearing 
conventional boots, soccer boots or swivel boots, adapted from Cameron and Davis, 1973:  
        
Joint Injured 
Conventional Boot 
(n=2055) 
Soccer Boot 
(n=266) 
Swivel Boot 
(n=466) 
Knee 162   (7.88%) 14   (5.27%) 10   (2.14%) 
Ankle 174   (8.46%) 15   (5.64%) 14   (3.00%) 
 
Incidentally, two patents exist for swivel boots, both taken out in the early 1970s, but 
there is no football swivel boot available on the market at this point in time. The report by 
Cameron and Davis is frequently cited as evidence that the boot-surface interface is 
linked to ACL injury risk.  
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Another frequently cited study from the same period was conducted by Torg and 
colleagues in Pennsylvania (Torg & Quedenfeld, 1971; Torg & Quedenfeld, 1973; Torg 
et al., 1974). In their epidemiological study, 1,300 players in two Philadelphia leagues 
were required to switch from a conventional boot (7 x 19 mm studs, peak torque 74 Nm 
on natural grass) to a soccer boot (15 x 9 mm studs, peak torque 38 Nm on natural grass) 
for a period of two or three years. In that two or three year period, knee injuries requiring 
surgery fell by an average of 78% in the cohort wearing the soccer boots (Table 2.11), 
compared to the first season when the conventional boot had been worn (Torg & 
Quedenfeld, 1973; Torg et al., 1974).  
Table 2.11: Knee injury numbers (and % reduction) when players were required to switch from a 
conventional boot (C = 7 x 19 mm studs, 74 Nm) to a soccer boot (S = 15 x 9.5 mm studs, 38 
Nm). Adapted from Torg & Quedenfeld, 1973 
            
  Year Boot Total Knee Injuries 
Severe Knee 
Injuries 
Requiring 
Surgery 
Public 1968 C 51 29 11 
League 1969 S 24 (53%) 7 (76%) 4 (64%) 
(594 players) 1970 S 30 (41%) 9 (69%) 4 (64%) 
  1971 S 29 (43%) 8 (72%) 1 (91%) 
      Catholic 1969 C 93 40 17 
League 1970 S 38 (59%) 8 (80%) 2 (88%) 
(704 players) 1971 S 35 (62%) 9 (78%) 3 (82%) 
      Average 
reduction     52% 75% 78% 
 
The authors concluded that, mostly, players had been wearing the wrong boot for the 
wrong surface, and recommended action in the selection of the boot as a solution to the 
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foot fixation and ACL injury problem. They recommended that football boots be 
configured with 15 studs, no more than 12.5 mm long and at least 12.5 mm in diameter  
(Torg et al., 1974). The papers provided no discussion on player satisfaction with the 
lower traction boot, but their findings were directly responsible for both the National 
Federation of State High School Associations and the National Collegiate Athletic 
Association mandating that football cleats be no longer than 12.5 mm.  
Also working in Pennsylvania in the early 1970s, Bonstingl and colleagues measured the 
peak torque of the type of boots that players had worn in the Cameron and Davis (1973) 
and Torg and Quedenfeld (1971, 1973) studies. They compared those data with the injury 
rates reported (Table 2.12) and concluded there was a clear link between higher rotational 
traction and higher knee injury rates. (Bonstingl, Morehouse & Niebel, 1975).  
Table 2.12: Comparison of knee injuries with rotational traction values of various boot-surface 
combinations, adapted and abbreviated from Bonstingl et al (1975): 
          
 
Cameron & Davis Torg et al. Torque on natural grass (Nm) 
Type of boot 
Knee injuries per 
100 players 
Knee 
injuries/game Toe Stance Foot Stance 
Swivel  2.15 - 11 46 
Soccer boot 5.26 0.19 30 48 
Conventional boot 7.88 0.46 44 74 
 
In North Carolina, Mueller and Blyth (1974) conducted an epidemiological study on high 
school football injuries involving 43 schools and 8,776 athletes during the period 1968-
72. In their initial research they found no difference in knee injury rates between short, 
soccer-style cleats compared to longer, conventional cleats, but concluded that poor field 
conditions were confounding their study. Nine of the study schools had their fields 
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resurfaced and maintained in improved condition for the 1971-2 seasons, and students at 
three of those schools were provided with short-cleat soccer boots. During the final two 
seasons of the trial there was a 30% reduction in knee and ankle injuries in the cohort 
wearing the soccer boots, irrespective of the surface being played on, and a 46% 
reduction in knee and ankle injuries in players wearing the soccer boots and playing on 
the improved surfaces (Mueller & Blyth, 1974).  It appeared a combination of better 
turfgrass coverage and lower-traction boots was able to substantially reduce these lower 
limb injuries.  
In Texas, Lambson and colleagues (1996) undertook a three-year prospective injury study 
on a cohort of 3,119 college football players, investigating the type of boot worn by 
players suffering ACL tears. They tested some of these boots for their rotational traction 
and found a significantly higher rate of ACL injury on natural turf among players wearing 
an Edge design boot which had large cleats positioned around the periphery of the sole. 
The injury rate among the footballers wearing the Edge design, with mean torque 31 Nm, 
was 1.7% (22 non-contact ACL injuries). The injury rate for players wearing the three 
other boot types, with a rotational traction averaging 24 Nm, was 0.5%, with only one 
non-contact ACL injury in that group. The authors concluded that cleat design had a 
significant influence on ACL injury incidence, and that foot fixation and high rotational 
traction was the reason (Lambson, Barnhill & Higgins, 1996). A limitation of this study 
was the low torque values and relatively minor difference between the two boot types.   
Scranton and colleagues (1997) analysed ACL injury data collected by the NFL from 
1989-1993. There were 78 non-contact ACL injuries, 61 of them documented for turf type 
and boot type. Footwear types were classified as cleated boots (7 x 12 mm long conical 
cleats), moulded-sole boots (usually 12 – 20 rubber cleats of varying length), turf shoes 
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(multiple, short rubber studs or dimples) and court shoes (no studs, but various grip 
patterns on the outsole). Of the 61 documented ACL injuries, 40 occurred on natural grass 
and 21 occurred on synthetic turf, although the adjusted rate of injury was higher on 
synthetic turf, with a 59% increase in non-contact ACL injury compared to grass. Most 
ACL injuries (57 of 61) occurred on a dry surface compared to a wet surface, whether the 
surface was natural or synthetic. As the cleated boots were not usually worn on synthetic 
turf, and the court shoes not usually worn on natural turf, the authors analysed the 
relationship between injury and boot type separately for the two surface types, as shown 
in Table 2.13. On synthetic turf the turf shoe was associated with more injuries, and on 
natural grass the cleated boot was associated with more injuries. Conclusions from these 
data are very limited because the total number of players in the league wearing each type 
of shoe was unknown, and the actual rotational traction of the footwear in each injury was 
also unknown (Scranton et al., 1997).  
Table 2.13: Non-contact ACL injury numbers on natural vs synthetic turf, and with various shoe 
types, in the NFL between 1989-1993 (adapted from Scranton et al., 1997) 
 
    
Boot type Natural Grass Synthetic Turf 
7 x 12 mm conical cleats 29 0 
Moulded sole, 12-20 rubber cleats 8 2 
Turf shoe, short rubber dimples 3 15 
Court shoe, no cleats 0 4 
Total 40 (65.6%) 21 (34.4%) 
 
The issue of ACL injury rates on synthetic turf compared to natural turf is interesting and 
controversial, and of some relevance to the thesis. In a meta-analysis of injury rates in 
soccer, rugby and American football, Williams and colleagues (2011) found wide 
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discrepancies in knee injury incidence rate ratios, ranging from 0.4 – 2.8 on synthetic turf 
compared to natural turf. The authors cited evidence that peak torque was higher on 
synthetic turf compared to grass, but noted that rotational stiffness may be a more 
sensitive measure of the shoe-surface interaction than peak torque. Lower rotational 
stiffness indicates a lower loading rate, which might allow more time for neuromuscular 
control to reduce the risk of injury (Williams, Hume & Kara, 2011). Drakos and 
colleagues also raised the possibility that the rate of strain increase (i.e. rotational 
stiffness) may be as important, if not more important, than peak torque (Drakos et al., 
2010). Fujikake and colleagues (2007) compared synthetic and natural turf pitches and 
found peak torques were very similar, but there was a difference in rotational stiffness 
behaviour. The synthetic surfaces showed a linear relationship between torque and angle 
of rotation, right up to the peak. The natural grass stiffness, however, had three phases - 
an initial linear phase to around 0.1 radian (5-6o), then a period of diminishing slope, 
followed by a plateau phase, which included the peak torque value typically around 25-
35o rotation. There was high temporal and spatial variation in traction on natural turf, but 
high uniformity on synthetic pitches. (Fujikake, Yamamoto & Takemura, 2007).   
 
Ground-related ACL injury in football 
After a high number of ACL injuries in the 1997 season, the AFL initiated research into 
potential ACL injury-risk factors. The research was primarily an epidemiological study, 
correlating ACL injury data from their long-running injury surveillance program against a 
range of extrinsic and intrinsic factors. Unlike the North American studies referred to in 
the previous section, the AFL studies had no investigation on the effect of boot type. In 
the early results from the study, low rainfall in the previous year and high evaporation in 
the previous month were identified as significant ACL injury risk factors (Orchard et al., 
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1999; Orchard, 2001; Orchard, 2002). This suggested some link with ground conditions. 
Subsequently, ground conditions were monitored, including ground hardness measured by 
racetrack penetrometer. There were trends for higher ACL injury on harder grounds (RR 
2.60, CI 95% 0.94 – 7.20) and on couchgrass compared to perennial ryegrass (RR 2.37, CI 
95% 0.89 – 6.36). An early season bias and a northern bias in ACL injury rates were also 
noted (Orchard, 2001).  
It was not clear if ground hardness or turfgrass traction were involved in ACL injury risk 
and it was considered premature to make firm conclusions (Orchard, 2001). But the links 
seemed sufficiently convincing that from 1999 AFL venue managers were encouraged to 
prepare softer grounds and oversow any couchgrass surfaces with perennial ryegrass 
(Orchard, 2002). These interventions altered the experimental conditions of the study but 
appeared to yield immediate results, with ACL injuries down dramatically in the 1999 
and 2000 seasons (Orchard & Seward, 2005). Unfortunately these low numbers didn’t 
continue, as Table 2.9 showed, and ACL injury rates are as high now as they were before 
the hardness and oversowing interventions. The ACL data are relatively normal in 
distribution and the low readings of 8 ACL injuries seen in 1999 and 2000 has a 
probability of around 12%, which is not very low. Confounding the hardness and grass 
type interventions, many grounds removed their cricket pitches during that period, and 
undoubtedly there were other changes that may have influenced ACL injury incidence. As 
the research continued in the following decade, Orchard and colleagues in their various 
papers moved away from suggesting that hardness itself was an ACL risk factor. A 
hypothesis developed that high surface traction was a more likely candidate, specifically 
that couchgrass involved a higher ACL injury risk than perennial ryegrass, which was 
attributed to it having higher rotational traction and tendency to “trap players’ boots 
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preventing the free rotation of the foot and placing more stress on the knee ligaments” 
(Orchard, Chivers, Aldous, Bennell & Seward., 2005, p 708).  
The link between ACL injury and weather conditions or surface hardness has been 
investigated in studies in other codes or levels of football. Hard grounds allow greater 
running speed, which could contribute to higher ACL injury risk (Andresen, Hoffman & 
Barton, 1989; McManus et al., 2004; Mueller & Blyth, 1974; Norton, Schwerdt & Lange, 
2001). Andresen and colleagues (1989) reported that the lowest rate of ACL injuries 
occurred on wet grounds, a higher rate occurred on hard grounds, but the highest rate of 
ACL injury occurred on good grounds. They postulated that slippery fields result in lower 
player speed as well as reduced rotational traction (Andresen, Hoffman & Barton, 1989).  
Orchard and Powell (2003) studied the relationship between injuries and weather using 
1989-98 data from the US Nationl Football League (NFL) injury surveillance, covering 
5,910 games on 40 venues across a wide geographical expanse. Weather records provided 
data on the actual conditions experienced at the games concerned, including whether the 
surface was wet or dry. The study included 113 ACL sprains on natural turf venues. 
Although not discussed in their paper, the data table showed a trend to increased risk of 
ACL sprain on natural grass in wet weather compared to dry weather (RR 1.46, CI 95%  
0.98 - 2.18), especially in hot, wet weather compared to hot, dry weather (RR 1.74, CI95% 
1.05-2.86). Interestingly, there was no difference in ACL injury rates in cold, wet 
conditions compared to hot, dry conditions (RR 0.93, CI95% 0.51-1.70) on natural grass 
(Orchard & Powell, 2003).  
These NFL findings were at odds with Orchard and colleagues’ AFL research, which 
found a significant link between increased ACL injury rate and lower rainfall in the 
previous year (RR 2.87) or higher evaporation in the previous month (RR 2.55) (Orchard 
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et al., 1999; Orchard, 2002). Although the daily weather conditions were available for 
each of the 2,280 AFL games in that study, the authors decided that composite 7, 14, 28, 
90 and 365 day rainfall and evaporation data would be more reliable indicators of ground 
conditions than the actual weather on the day of the game (Orchard et al., 1999). The 
question of how surface (foliage) wetness at the time of injury might have been a factor, 
for example, was not investigated. Smeets et al (2012) found no difference in peak torque 
on natural grass if the foliage was dry (35 Nm), or wet (34 Nm), so leaf wetness might not 
physically affect rotational traction. However, it could influence the player’s perception 
of grip and their choice of boot, and thereby have an indirect effect on the rotational 
traction they would experience.  
As mentioned, the Australian research on ACL injury on natural turf focussed solely on 
ground conditions and the grass species rather than the boot-surface interaction. In fact 
there are, to date, no publications using Australian data that relate ACL injury risk to boot 
type or the rotational traction of boot-surface combinations, although a paper by Orchard 
and colleagues (2008) did include photographs of boots worn by players in specific ACL 
injury incidents (Orchard, Rodas, Til, Ardevol & Chivers, 2008). The AFL injury 
surveillance program, which began in 1992, only started to collect data on the boot type 
worn by injured players in 2011.  
Orchard produced an MD thesis and, with colleagues that included turfgrass specialists, 
several journal papers in the period since 1999 accumulating epidemiological evidence 
that couchgrass posed a higher risk for injury in football compared to perennial ryegrass. 
Orchard’s MD thesis (2005) involved a retrospective correlational analysis of injury types 
and ground conditions using data from the AFL injury surveillance program from 1996-
2003, which involved 1,344 games and a total of 2,213 injuries. His data are adapted and 
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summarised in Table 2.14 to focus on the type of injuries where risk was higher on 
couchgrass compared to perennial ryegrass. The relative risk of overall injury, lower limb 
injury and knee injury were all significantly higher on couchgrass compared to perennial 
ryegrass (Orchard, 2005).  
Table 2.14: Risk of various injury types on couchgrass compared to perennial ryegrass (prg) from 
AFL injury surveillance data from 1996 to 2003, adapted from Orchard, 2005 
        
Injury Type  Conclusion RR CI 95% 
Overall Significantly more likely on couchgrass vs prg 1.25 1.07 - 1.46 
Lower Limb Significantly more likely on couchgrass vs prg 1.26 1.07 - 1.49 
Knee injury Significantly more likely on couchgrass vs prg 1.31 1.00 - 1.71 
Trunk, back Trend to more likely on couchgrass vs prg 1.36 0.96 - 1.92 
Hamstring strain Trend to more likely on couchgrass vs prg 1.24 0.97 - 1.58 
 
In a separate paper published in 2005, Orchard and colleagues presented the relative risk 
in an alternative way, stating there was a significantly lower risk of non-contact ACL 
injury on perennial ryegrass compared to couchgrass (RR 0.44,  CI95% 0.27 – 0.71) 
(Orchard, Chivers, Aldous, Bennell & Seward, 2005). The authors contended that the 
higher risk with couchgrass was due to its lateral growth habit and higher thatching 
tendency, hence a greater tendency to “trap players’ boots preventing the free rotation of 
the foot and placing more stress on the knee ligaments” (Orchard et al., 2005, p 708). 
In medicine, epidemiological studies have been pivotal in determining the causality of 
diseases where the incidence was high and the effects were conspicuous, but their 
resolution is limited “…because of the difficulty of sorting causes, effects, concomitant 
variables and random fluctuations when the causes are multiple or diffuse, the exposure 
levels low, irregular or hard to measure, and the relevant biologic mechanisms poorly 
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understood. Even when the data are generally accepted as accurate, there is much room 
for individual judgment, and the considered conclusions of the investigators on these 
matters determine what they will label ‘cause’….” (Bailar, 1980, p 1418).  
As noted earlier, Orchard and colleagues’ studies reported a relationship between ACL 
injury rate and low rainfall in the previous year and high evaporation in the previous 
month (Orchard et al., 1999) and also a bias towards more non-contact ACL injuries early 
in the season (autumn) and on venues in the warmer, northern states (Orchard, Chivers & 
Aldous, 2005; Orchard et al., 2005; Orchard, 2005). These correlations all supported a 
hypothesis that couchgrass dominance was a major risk factor for ACL injury, as it was 
more likely to dominate swards in low rainfall, high evaporation periods, and in summer 
and early in the season, and in northern Australian climates. Yet when AFL grounds were 
objectively assessed for traction over the 2004 season using a SBA, Chivers, Aldous and 
Orchard (2005) found no significant difference in rotational traction between early and 
late in the season, or between northern grounds and southern grounds.  
Because Orchard and colleagues attributed the early season bias in ACL injury 
particularly to the dominance of couchgrass early in the season, the issue requires further 
analysis. Orchard noted that, in the literature, an early season bias was most often 
reported in football competitions played on natural grass in temperate climates over an 
autumn-to-spring season. The bias was either absent, not noted, or even reversed in 
football played in non-Mediterranean climates, or in indoor sports such as basketball 
(Orchard, 2002). He noted that factors contributing to an early season bias could be 
intrinsic (he mentioned fitness, but no other intrinsic factors), or extrinsic, such as ground 
hardness or grass species dominance.  He rejected player attrition as a contributing factor 
to early season bias in his analysis of AFL data on the basis that the statistical analysis 
100 
 
had attributed a risk factor for injury recurrence, which satisfactorily accounted for 
season-ending injuries such as ACL (Orchard, 2002). Furthermore, he stated that 
“Because such severe injuries are uncommon, it is also unlikely that the removal of 
susceptible players from the cohort at an early stage of the season is likely to create a 
substantial early-season bias” (Orchard, 2002, p 424). It is difficult to see the logic in this 
reasoning. It is not inconceivable that a certain percentage of players, perhaps quite a 
small percentage, are intrinsically susceptible and predisposed to ACL injury, due to 
genetic factors or due to a previous ACL injury. If and when these susceptible players 
injured their ACL they would be progressively removed from the player population for 
the rest of the season, leaving a more resistant cohort as the season went on. That alone 
could explain an early season bias, and rejecting attrition as a contributing factor to an 
early season ACL injury bias could be considered premature.  
There are several other potential confounders to Orchard’s hypothesis linking couchgrass 
to higher ACL injury risk in the AFL. For example, the speed and intensity of the game 
have increased in recent years (Wisbey, Montgomery, Pyne & Rattray, 2010). In addition 
to potential confounders, the AFL injury surveillance data did not include direct traction 
measurements from venues, or record if the game surface was wet or dry, or what type of 
boot was worn at the time of the injury. While acknowledging some of these limitations, 
Orchard et al. (2008) were clear that “…Bermudagrass…has been shown to lead to 
higher ACL injury risk levels than ryegrass” (Orchard et al., 2008, p 188), and 
recommended that “if it is possible to use ryegrass in the profile of a football field then 
this should be done” (Orchard, 2005, p 163) and also that oversowing couchgrass with 
perennial ryegrass was likely to create lower shoe-surface traction (Orchard & Powell, 
2003). Orchard argued against players being forced to wear low-traction boots as they 
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would not want to risk falling, whereas making changes to the playing surface would lead 
to a universal reduction in shoe-surface traction affecting all players (Orchard, 2005).  
Later research that included botanical analyses showed there was a higher couchgrass or 
couchgrass + Poa annua content on the northern grounds compared to the southern 
grounds, and a general decline in couchgrass or couchgrass + Poa annua content through 
the season (Chivers, Aldous & Orchard, 2005).  However, as mentioned previously, when 
rotational traction on AFL grounds was objectively assessed by a SBA, Chivers, Aldous 
and Orchard (2005) found no significant difference between early and late in the season, 
or between northern grounds and southern grounds.  
AFL venue turf managers were surveyed to estimate the percentages of the various grass 
species on their grounds through the seasons 1991 – 2003, and from this a significant, 
positive correlation (R2 =  0.71, P = 0.004) was found between their estimates of 
couchgrass + Poa content and ACL injury incidence (Chivers, 2008). The northern 
grounds also had higher thatch depths (around 7 mm) than the southern grounds (probably 
averaging 4.5 mm). The conclusion from these findings was that increases in couchgrass 
or couchgrass + Poa content and in thatch depth increased the tendency to trap the players 
foot, and increased the ACL injury risk (Chivers, 2008).  
The studies reviewed in this section, those of Cameron and Davis (1973), Mueller and 
Blyth (1974), Torg et al. (1971, 73 and 74), Lambson et al. (1996), Scranton et al. (1997), 
and the doctoral theses of Orchard (2005) and Chivers (2008), and other publications by 
them and colleagues, constitute the published evidence of a link between agronomic 
conditions, especially boot-surface rotational traction, and ACL injury risk. The 
precautionary principle requires one should accept the link as fact, and the review will 
continue on that basis, turning now to the influence of agronomic variables on traction.    
102 
 
Turf agronomic conditions and rotational traction 
 
Many agronomic variables potentially affect surface traction, including grass factors 
(species, leaf strength, leaf moisture content, sod strength, shoot density, thatch, % 
groundcover), soil factors (density, hardness, strength, moisture content, texture) and 
management factors such as aeration and dethatching. The relative contribution of each is 
complicated by the interactions between them (Adams, Tanavud & Springsguth, 1985; 
Canaway & Baker, 1993; Nigg, 1990; Rogers, Waddington & Harper, 1988; Valiant, 
1990), but the review will present the literature on each separately, as much as possible.  
Grass species and traction 
The concept that different turfgrass species might vary in their rotational traction was first 
reported in the 1980s. At the STRI, Canaway (1983) established replicated plots of eight 
turfgrass species, with one block on a sand profile and a second block on a soil profile. 
The primary aim was to compare the response of different species to wear, and traction 
tests were used as one measure of wear tolerance. The wear treatments created abrasion 
and tearing as well as soil compaction and disruption. Rotational traction was measured 
with a SBA with 14 mm long studs, which was referred to as shear strength in his report 
but is referred to as peak torque in the summary of his results in Table 2.15 (Canaway, 
1983). Tall fescue had the lowest traction in sand and soil, before and after wear, and lost 
groundcover dramatically because of the wear treatments. This was an old variety with 
poor turf quality; tall fescue has improved in quality, density and wear tolerance since that 
time, which should be considered when looking at more recent data on this species. 
Bentgrass and fine fescue had poor wear tolerance and lost nearly all their groundcover 
after the wear treatments in both sand and soil, but both had surprisingly high traction, 
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especially before wear. This shows that traction alone is not necessarily indicative of the 
suitability of a species for sportsfields (Canaway, 1983).  
Table 2.15: Rotational Traction (SBA) of C3 turfgrasses grown in sand vs soil, before and after 
wear, adapted and summarised from Canaway (1983). On any assessment date, peak torque 
means with the same letter superscript are not significantly different. Some  minor species have 
been omitted from Canaway’s data, so there are some gaps in these superscript letters.  
              
Sand Profile: Before   wear  (June 1982) 
 
After  wear   (Jan 83) 
Turfgrass Above ground Groundcover Peak torque 
 
Groundcover Peak torque 
Species biomass (t/ha) %        (Nm)   %          (Nm) 
Poa annua 10.5 97 64 b 
 
65 56 e  
Perennial ryegrass 4.4 88 69 a 
 
36 62 c,d 
Kentucky bluegrass 5.8 94 71 a 
 
29 71 a 
Tall fescue 3.2 82 56 c 
 
12 55 e 
Bentgrass 7.0 97 69 a,b 
 
5 61 d 
Fine fescue 4.7 83 71 a   2 66 b,c 
Mean 5.6 90 68 
 
22 62 
Soil Moisture %     16     17 
       
              
Soil Profile: Before   wear  (June 1982) 
 
After   wear  (Jan 83) 
Turfgrass Above ground Groundcover Peak torque 
 
Groundcover   Peak torque 
Species biomass (t/ha) %   (Nm)   %  (Nm) 
Poa annua 11.5 99 50 d 
 
64 40 a 
Perennial ryegrass 5.4 91 67 a 
 
33 35 b 
Kentucky bluegrass 7.6 94 65 a 
 
29 39 a 
Tall fescue 3.5 88 50 d 
 
6 26 d 
Bentgrass 8.6 99 54 c 
 
5 28 d 
Fine fescue 5.6 90 67 a   1 33 b,c 
Mean 6.7 94 60 
 
19 34 
Soil Moisture %     22     24 
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Poa annua was generally in the lowest traction group, but in the soil profile after wear it 
maintained its traction to a greater degree than the other species, due to its initial high 
biomass and its ability to maintain groundcover in muddy, wet soils (Canaway, 1983). 
Despite the fact that Poa annua had the highest biomass and the best retention of ground 
cover and traction after wear on the soil surface, Canaway noted that Poa was easily 
kicked out during play and concluded that it made a very poor football surface. So, again, 
groundcover and traction retention were not the only considerations when assessing the 
suitability of a species for a football surface, and a wide range of factors needs to be taken 
into account (Canaway, 1983).  
For the grasses in general on the sand profile, wear treatments resulted in a large loss of 
groundcover (around 70%), but only a small loss (averaging 6 Nm) in traction. Kentucky 
bluegrass, for example, lost 66% of its groundcover but traction was unaffected. Fine 
fescue lost around 80% of its groundcover, but only lost 5 Nm of traction. On the soil 
profile, wear treatments resulted in a similar loss of groundcover (around 70% again), but 
traction values were an average 26 Nm lower once groundcover had been reduced. At one 
stage Canaway attributed this to the fact that the soil plots were often soft and muddy, but 
at another stage he attributed the reduction in traction to the loss of groundcover from 
wear (Canaway, 1983). A third possibility is that below-ground biomass was greater in 
sand, contributing to higher traction being retained on sand compared to soil, but below-
ground biomass was not measured. In winter and following the wear treatments, grasses 
in the sand averaged around double the traction (62 Nm) compared to when grown in soil 
(34 Nm), whereas the difference in traction between the highest and lowest species in 
either sand or soil was only around 15 Nm. Canaway concluded from this that the choice 
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of rootzone material (sand or soil) was twice as important as the choice of species in 
maintaining rotational traction as wear accumulated through a season (Canaway, 1983).   
Using the Pennfoot apparatus, McNitt found no significant difference in peak torque 
between tall fescue, perennial ryegrass, Kentucky bluegrass and fine fescue, either with or 
without leaf wetness (McNitt, 1994).  The prosthetic foot in those tests consisted of a 
moulded-sole boot placed in a toe-stance position, and torque values were very low, in the 
range 12 – 16 Nm under a 47.6 kg load, and 22 – 30 Nm under a 102 kg load. In linear 
traction tests, significant differences were found between these species, with tall fescue > 
Kentucky bluegrass > perennial ryegrass > red fescue (McNitt, Waddington & Middour, 
1997). In later trials  linear traction was again higher for tall fescue and Kentucky 
bluegrass compared to perennial ryegrass and fine fescue, but tall fescue values were 
more variable than the other species, possibly due to its bunch-type growth habit (McNitt, 
Landschoot & Waddington, 2004).  
The research by Canaway (1983) and McNitt (1994) compared different C3 grasses. 
Comparisons of rotational traction that include both C3 and C4 species are rare. In a trial 
comparing various C3 species (creeping bentgrass, Kentucky bluegrass, perennial 
ryegrass) and various couchgrass varieties, as monostands or in various oversowing 
combinations, Valverde and colleagues found no significant difference between 
treatments for traction, as measured by a cleated torque device. Traction values for 
monostands and for plots where the C3 grasses were oversown into the couchgrass 
varieties were all in the narrow range 42 – 48 Nm (Valverde, Minner & Li, 2008).  
Baker (1987) reported on the rotational traction of C3 and C4 grasses on football pitches in 
Saudi Arabia, but the results for each grass were not comparable as they were from 
different grounds. Three pitches in Riyadh, with swards dominated by perennial ryegrass 
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and tall fescue, had SBA peak torque values of 46.8 Nm, 50.0 Nm and 50.1 Nm. In 
contrast, a couchgrass pitch in Jedda, which was considerably harder, only had peak 
torque values in the range 34.7 Nm to 35.9 Nm (Baker, 1987).  
Dunn and colleagues (1994) found no significant difference in SBA peak torque between 
plots with or without wear, or between pure couchgrass compared to couchgrass 
oversown with perennial ryegrass or Kentucky bluegrass. Traction values were very low, 
in the range 20 – 30 Nm (Dunn, Minner, Fresenburg & Bughara, 1994). The couchgrass 
was heavily verticut before oversowing, which possibly affected its traction.  
Otago, Swan, Payne, Finch, Chivers & Orchard (2007) provided a direct comparison of 
the SBA rotational traction of monocultures of C3 and C4 species at the same time (mid-
winter) and in the same set of plots, as shown in Table 2.16.  
Table 2.16: Mean peak torque and range of six turfgrass species, adapted from Otago et al. (2007) 
      
Turfgrass species Mean Peak Torque (Nm) Range (Nm) 
Couchgrass 47.5 42 - 51 
Perennial ryegrass 37.6 34 - 47 
Bentgrass 41.6 37 - 48 
St Augustine grass 43.8 37 - 47 
Kikuyu 42.2 33 – 47 
Tall fescue 41.5 37 - 48 
 
Couchgrass (47.5 Nm) had higher peak torque than perennial ryegrass (37.6 Nm), but the 
range in mean peak torque between the species (9.9 Nm) was about the same as the range 
within a species (average 11.3 Nm). The SBA device used by Otago and colleagues was 
fitted with a ‘grip logger’ to capture torque vs angle of rotation data, and despite the fact 
that the C3 grasses had consistently lower peak torque than C4 grasses, they frequently 
107 
 
reached 30 Nm, 35 Nm or 40 Nm at lower rotation angles compared to the C4 grasses 
(Otago et al., 2007). In other words, the grip logger indicated that the C3 grasses 
frequently had higher rotational stiffness than the C4 species. There were several 
limitations to the data: traction tests were on intra-plot replicates, and no data were 
provided on the age, thatch depth, surface hardness or moisture content between 
treatments. However, it provided the only direct comparison of the rotational traction of 
C3 and C4 grass species, especially the contentious comparison between couchgrass and 
perennial ryegrass.  
Chivers (2008) collected SBA data from AFL grounds during the 2004 season and 
reported that SBA peak torque was moderately positively correlated to the percentage of 
couchgrass, as well as thatch depth and percentage bare ground, with the equation:  
Traction Nm  =  42.3 + 0.846 thatch mm + 0.239 Couchgrass %  -  0.16% bare % (R2 = 0.508)  
Although thatch depth has the highest weighting in this formula, its values are within a 
limited range (approximately 5 – 15 mm), whereas % couchgrass could alter from 0% - 
100%, giving it far greater impact on peak torque in this formula (Chivers, 2008). A 
complete couchgrass cover would have a rotational traction of 75 Nm, using this 
equation.   
It is possible that material properties play a part in the traction characteristics of grass 
species. A study comparing the micromechanical behaviour of individual turfgrass leaves 
found that couchgrass foliage had a breaking point about double that for the C3 species 
Kentucky bluegrass, perennial ryegrass and tall fescue (Alamar, Suay & Molto, 2008). 
Couchgrass leaves also showed a linear stress/strain relationship before breaking, whereas 
the C3 species had a biphasic relationship, with an initial elastic phase followed by a 
linear phase before breaking. Lulli et al. (2011) measured the tensile strength of three C4 
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species and concluded that tissue lignin content was the main factor involved. Zoysia 
matrella had higher tensile strength of leaves, stolons and rhizomes than couchgrass, 
which was higher than Paspalum vaginatum (Lulli et al., 2011). These results raise an 
interesting possibility that micromechanical behaviour of leaves, stolons and rhizomes has 
a specific influence on rotational traction.   
Roche et al. (2008) tested a wide range of C4 turfgrasses using an Automated Turf 
Traction Tester, a device based on the SBA. Their report did not include statistical 
comparisons of means, as the plots were not replicated. The range in mean peak torque 
between the species was 33 Nm, and the average range within a species type was 14 Nm 
(Table 2.17).  
Table 2.17: Mean peak torque and range of rotational traction values for a range of C4 grasses, 
adapted from (Roche et al., 2008).  
      
Grass species or group Mean peak torque (Nm) Range (Nm) 
Vegetative couchgrass (Cynodon dactylon) 75.5 66-86 
Open seeded couchgrass (Cynodon dactylon) 66.4 57-76 
Dense seeded couchgrass (Cynodon dactylon) 76.7 73-80 
Hybrid couchgrass (C.dactylon x C.transvaalensis) 75.3 63-93 
Queensland blue couch (Digitaria didactyla) 69.6 68-72 
Swazigrass (Digitaria didactyla) 82.3 77-91 
Seashore Paspalum (Paspalum vaginatum) 64.9 55-73 
Kikuyu (Pennisetum clandestinum) 55.7 54-57 
St Augustine grass (Stenotaphrum secundatum) 61.8 59-70 
Marine couch (Sporobolus virginicus) 48.9 45-53 
Japanese lawngrass (Zoysia japonica) 65.1 55-76 
Manilagrass (Zoysia matrella) 60.2 55-70 
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In some cases the value for a species was an aggregate from several different varieties, 
and there was a considerable range in peak torque values between varieties within a group 
(e.g. 63-93 Nm within the hybrid couchgrasses). Kikuyu and marine couch had the lowest 
torque values (Roche et al., 2008).   
Although their Automated Turf Tester had the ability to measure increases in torque 
against increases in angle of rotation, and so calculate rotational stiffness, it was not 
documented for these grasses. Their graphs of the torque vs rotation relationship for 
several grasses (see examples in Figure 2.11) showed that rotational stiffness was quite 
linear up until 6o or 8o from the start of the test, and there was very little difference 
between grass species to that point. Beyond 10o of rotation, however, torque curves 
diverged more noticeably. Peak torque values occurred between 20 – 35o of rotation 
(Roche et al., 2008).  
 
 
 
 
 
 
 
Figure 2.11: Rotational traction curves for several grasses, copied with permission from Roche et 
al. (2008) 
 
In a separate experiment, Roche and colleagues monitored rotational traction at an elite 
stadium in Brisbane, conducting tests at 110 locations on the ground at each assessment. 
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The surface was couchgrass, oversown each autumn with perennial ryegrass, which was 
transitioned out again in the spring. In 2006 there was an increase in traction soon after 
the autumn ryegrass oversowing, but in 2005 no such increase was measured. Traction 
values declined over the winter period but increased substantially in the springtime, as the 
perennial ryegrass was removed and couchgrass growth resumed (Roche et al., 2008). 
Couchgrass torque was not at a maximum in the summers of 2004, 05 and 06, as one 
might expect from a C4 grass, and in fact declined markedly in summer 2004 and 2005.  
The reason for this decline was not discussed (Roche et al., 2008).  
To date, there is still no reliable, comprehensive data set comparing the rotational traction 
of the range of football-field turfgrasses. In southern Australia there is a particular need 
for this comparison between couchgrass and perennial ryegrass because of the contention 
that couchgrass involves a higher risk of ACL injury due to higher rotational traction. 
Such a comparison would need to control for differences in any other factors that might 
affect rotational traction, such as grass coverage and soil conditions.  
Grass coverage or biomass and rotational traction  
Turfgrass biomass consists of an above-ground and a below-ground component. The 
above-ground component consists of a sward or verdure, which often includes an organic 
layer between the soil and foliage, known as thatch (Beard, 1973). Traffic and wear can 
result in the loss of above-ground biomass from scuffing, tearing and bruising of the 
leaves and stems, and may also damage the below-ground component by compacting the 
soil (Bayrer, 2006). The above-ground component may be denuded but still have an intact 
below-ground biomass. However, the below-ground component can be lost by divoting or 
rootzone displacement from concentrated traffic, or by a persistent removal of the above-
ground biomass.  
111 
 
In Italy, Reyneri & Bruno (2004) found that rotational traction was strongly correlated 
with groundcover percentage, and particularly tiller density. When tiller density increased 
from 50 to 180 tillers/m2, peak torque increased from 40 to 62 Nm (Reyneri & Bruno, 
2004). Holmes and Bell (1986) assessed seven Association Football pitches in the UK 
and found a significant linear relationship between SBA peak torque and above-ground 
grass coverage (GC%). Gravitational soil moisture (MC%) and surface roughness (SR) 
were also significant factors, with the relationship expressed as:  
SBA Peak torque (Nm) =  36.28  +  0.286 GC %  -  0.354 MC%  -  1.374 SR   (R2 = 0.72) 
The range of traction measurements in their study was from 12 – 38 Nm. The maximum 
possible traction value using their formula was 65 Nm, assuming a perfectly level, fully 
grassed sward with no soil moisture present. The correlation value shows that, in their 
situation, traction was highly related to groundcover (Holmes & Bell, 1986).  
Baker & Isaac (1987) used a SBA to quantify the rotational traction of perennial ryegrass 
grown in different rootzone materials, which were then subjected to wear to reduce 
groundcover. They found a high correlation (r = 0.82) between above-ground turfgrass 
cover and peak torque, although the variation between sampling dates was large. They 
suggested that the interaction of groundcover and soil moisture content had a greater 
effect on traction than the rootzone textural type (Baker & Isaac, 1987). This contradicted 
the conclusion of Canaway, that soil textural type had a larger influence on traction than 
species type (Canaway, 1983).  
With respect to the below-ground component, Adams and colleagues (1985) found that 
shear resistance increased linearly (r = 0.82) with root weight. The authors asserted that 
the root contribution to shear resistance was a function of root diameter, length and 
strength, which are influenced by species/varietal factors as well as cultural factors such 
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as nutrition (Adams, Tanavud & Springsguth, 1985). A study by Gibbs, Adams and Baker 
(1989) on a sand-based, perennial ryegrass soccer field also showed a significant positive 
correlation between SBA peak torque and root organic matter (ROM) content. A positive 
correlation was also found between peak torque and total organic matter and soil 
moisture, but a negative correlation was found between peak torque and soil density 
(Table 2.18).  
Table 2.18: Spearman rank correlation coefficients for SBA peak torque vs rootzone 
characteristics, adapted from  Gibbs, Adams & Baker, 1989  
      
Rootzone characteristic Spearman r Range of values 
Traction                                  Nm 
 
16 - 76 
Penetration Resistance         MPa 0.27 0.4 - 1.8 
Gravimetric Water Content     % 0.65 * 11 - 59 
Volumetric Water Content      % 0.26 6 – 64 
Bulk Density                          t/m3 - 0.85 * 0.7 - 1.7 
Root Organic Matter              t/ha 0.82 * 0.4 - 9.6 
Organic Matter                 % (w/w) 0.73 * 0.2 - 11.2 
* indicates a significant correlation 
 
Bare sand at low moisture content had traction levels below the accepted level (20 Nm), 
with the further disadvantage that the bare sand would be prone to disturbance because of 
lack of cohesion (Gibbs, Adams & Baker, 1989).  The negative correlation between peak 
torque and soil density was confounded by the fact that the highest density values were 
found on heavily trafficked areas of the field, which had the lowest groundcover. The 
lower groundcover caused the lower traction, not the higher density. This supports an 
argument for plot-based trial work to control potentially confounding factors such as 
uneven wear and compaction effects. The discrepancy in correlation values between 
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gravimetric and volumetric moisture content was probably connected to the relationship 
between volumetric moisture content and soil density, but is not discussed; it would have 
been valuable for other researchers to gain their insight into whether gravimetric or 
volumetric moisture content should be used in traction research.  There was a low 
correlation between hardness (measured by cone penetrometer) and traction. With 
specific reference to the relationship between turf groundcover and traction, the authors 
proposed a formula from their data: 
SBA peak torque Nm =  20.3 Nm +  0.29 GC %   R2 = 0.84  (Gibbs, Adams & Baker, 1989). 
Using this equation, a groundcover of 100% would result in a traction level of around 50 
Nm and a groundcover of 0% would result in traction of around 20 Nm. The relationship 
between root organic matter biomass (t/ha) is expressed as:  
SBA peak torque Nm = 25 Nm + 4.78 ROM t/ha   R2 = 0.77   (Gibbs, Adams & Baker, 1989). 
Using this equation a ROM content at the high end of measurement (9.6 t/ha) would yield 
a traction value of 71 Nm. Where organic material was completely absent the sand 
traction values were still predicted at 25 Nm, although this value fell to 17 Nm at a drier 
soil moisture content (-40 kPa matric potential). In summary, in a sand rootzone, Gibbs 
and colleagues found significant positive correlations between SBA peak torque and both 
turf groundcover and root biomass. Their study made an observation on a separate issue, 
relevant to the issue of sustainability, that a sand-based perennial ryegrass pitch such as 
the one trialled could not sustain acceptable turf cover over a season if usage averaged 
more than 7.8 hours of play per week (Gibbs, Adams & Baker, 1989).   
Rogers and colleagues (1988) had similar findings on the influence of turfgrass biomass 
on traction, which they assessed using a shear vane. Shear values were highly positively 
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correlated with turfgrass rooting and groundcover (Rogers, Waddington & Harper, 1988). 
In a later report, Rogers and Waddington (1989) tested traction of tall fescue at 2.5 cm, 5 
cm and 7.5 cm mowing height, again assessed by shear vane apparatus but this time with 
shear values converted from kPa to Nm. They found no consistent effect of mowing 
height on shear vane traction. They also tested plots where verdure was removed on the 
date of assessment, where the entire surface biomass was excised but root biomass was 
still present. Verdure removal significantly reduced traction compared to when verdure 
was present on only three of five assessment dates, and on one assessment (July 1987) 
traction values actually increased on the no-verdure plots. The soil type was 92% clay + 
silt, and recorded reasonably high traction values even without biomass. The greatest 
difference in traction was between grassed plots (with or without verdure) compared to 
the bare soil, with no above or below-ground biomass. Their findings were entirely 
consistent with Adams, Tanavud and Springsguth (1985) that the presence of root 
material had a major impact on shear strength (Rogers & Waddington, 1989).  
Using the Pennfoot device, McNitt and colleagues (2004) found the removal of verdure 
reduced linear traction to some extent but again not as much as expected, indicating that 
the below-ground biomass had a significant effect on maintaining traction in the absence 
of verdure, for example if the sward had recently been denuded by traffic. In contrast, 
bare soil with no below-ground organic component had very low linear traction values 
(McNitt, Landschoot, & Waddington, 2004).  
Roche and colleagues (2008) tested rotational traction on replicated couchgrass plots 
subjected to wear and denudation, compared to control plots with no wear. In the 2007 
assessments they found no reduction at all in rotational traction after denudation from 
wear, as shown in Table 2.19. They concluded that, with couchgrass, the main factor 
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affecting rotational traction was the presence of stolons, rhizomes and root material 
within the profile, rather than the above-ground sward (Roche et al., 2008).  
Table 2.19: Mean peak torque values of couchgrass with and without denudation from wear 
treatments, adapted from Roche et al., 2008  
      
Date Turf condition Peak torque (Nm) 
Autumn 2007 
No wear, 100% cover 69.4 
With wear, 0% grass cover 71.5 
Winter 2007 
No wear, 100% cover 74.5 
With wear, 0% grass cover 74.2 
 
In summary, while several reports do indicate a correlation between verdure and traction, 
the relationship is weaker than one might intuitively expect. The below-ground biomass 
has an important, even overriding, influence on rotational traction. Even in the complete 
absence of surface verdure, it is evident that rotational traction can be high due to the 
interaction between boot studs and below-ground biomass.  
Soil texture or shear strength and rotational traction 
The texture of a rootzone affects many of its material properties that might, in turn, 
influence traction. Shear strength is one such property. Adams, Tanavud and Springsguth 
(1985) reported that shear resistance was strongly, positively correlated with the 
percentage of silt + clay. And one might intuitively expect that high rootzone shear 
strength would lead to a high rotational traction, as boot studs must seemingly interact 
with the rootzone and be affected by its strength. Henderson et al. (2007) suggested that 
there was potential for more ligament injuries when the shear strength of a rootzone 
material was too high, although they presented no evidence of this, and the actual effect 
of rootzone shear resistance on rotational traction is not reported in the literature.  
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Several researchers have reported that rotational traction was actually higher in sand 
compared to soil. Canaway (1983) found that a sand rootzone had higher rotational 
traction than a soil rootzone, either with full grass cover or with reduced grass cover. He 
concluded that the choice of rootzone type (sand or soil) had twice the influence on 
rotational traction as the choice of turf species (Canaway, 1983). In 1985 he reported 
significantly higher SBA peak torque values in perennial ryegrass grown in a free 
draining sand profile (around 70 Nm) compared to a soil profile (around 52 Nm) 
(Canaway, 1985b). In the sand rootzone, however, if grass cover was lost and bare sand 
was exposed, the surface became unstable due to lack of shear strength, something that 
didn’t happen on soil even when bare. For these reasons, good grounds management to 
retain grass cover is essential if sand constructions are to succeed (Canaway, 1985b).   
On Italian soccer fields, Magni, Volterrani and Miele (2004) and Reyneri and Bruno 
(2004) reported similar results, that sand profiles had higher peak torque compared to 
native soil profiles. Villwock (2009) also reported consistently higher peak torque and 
rotational stiffness values on a sand-based field compared to a native soil-based field. In 
contrast, Baker & Isaac (1987) tested SBA peak torque of several sands or sand-soil 
blends grassed with perennial ryegrass and found no difference between the finer sands or 
the sand-soil blends (all within the range 36-42 Nm). However, a coarse sand rootzone 
(D50 = 0.55mm) exhibited significantly lower traction (20 – 26 Nm) even when fully 
grassed (Baker & Isaac, 1987). Despite this finding, the weight of evidence suggests that 
sand rootzones, despite their low shear strength, can provide higher rotational traction 
when adequately grassed compared to soil-based rootzones. This possibly reflects the 
improved agronomic conditions for root growth in sands. Without grass biomass, 
however, the low shear strength of a sand rootzone is exposed, which can result in very 
low rotational traction. And very coarse sand rootzones can provide low rotational 
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traction even when grass is present, either because the agronomic conditions in very 
coarse sands no longer favour good root growth, or because the extremely low shear 
values start to have an impact. Given that a potential solution to excessive hardness in 
drought is to re-construct fields in sand, it is important to clarify any potential effects of 
soil texture on rotational traction, especially if those profiles will be subject to drought. 
Soil moisture content and traction 
It is difficult to separate the variables of soil textural type and soil moisture content in any 
agronomic research, and their effect on rotational traction is a case in point, with 
contradictory findings reported in the literature. Gibbs, Adams and Baker (1989), 
Winterbottom (1985), and Bell and Holmes (1988) all reported that rotational traction 
increased as rootzone moisture increased. Their research was conducted in sand 
rootzones. Gibbs, Adams and Baker attributed their positive correlation between traction 
and gravimetric soil moisture (r = 0.65) to the greater cohesiveness and shear strength of 
sand as moisture content increased. As noted previously, however, there was no 
significant correlation between volumetric soil moisture and traction (r = 0.26), so the 
outcome could be considered inconclusive.  
In contrast to sands, the shear strength of soils increases as soil moisture content falls 
(Adams, 1981). Not surprisingly, then, in research conducted in soil-based rootzones, 
Baker (1991) and Rogers, Waddington and Harper (1988) reported that traction increased 
as soil moisture decreased. However, Baker (1991) concluded from his research that the 
influence of soil moisture on rotational traction was weak in comparison to the 
“dominating influence of groundcover” (Baker, 1991, p 88). Consistent with that finding, 
in their monitoring of in situ community- level Australian football grounds, across a range 
of soil types, Henderson et al (2007) found no evidence that soil moisture significantly 
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influenced SBA peak torque (Henderson et al, 2007). Despite the evidence that soil 
moisture does not strongly affect rotational traction, more data on the effect of soil 
droughting on rotational traction would be relevant to community-level football fields in 
Australia.  
The influence of other agronomic variables on traction  
There is very little published research on the influence of other agronomic variables, such 
as fertility and thatch depth, on rotational traction. The relevant literature on these 
variables is summarised below:  
Mowing height: Using the Pennfoot apparatus, McNitt found significantly higher linear 
traction at a mowing height of 38 mm compared to 64 mm (McNitt, Waddington & 
Middour, 1997) and when mown at 23 mm than when mown at 51mm or 71mm (McNitt, 
Landschoot & Waddington, 2004). Tiller density of the sward was greater at the lower 
mowing heights and the authors surmised that lower mowing and higher turf density 
resulted in higher linear traction (McNitt, Landschoot & Waddington, 2004). Reyneri & 
Bruno (2004) reported that when tiller density increased from 50 to 180 tillers/m2, peak 
torque increased significantly, from 40 Nm to 62 Nm. So there appears to be an 
interaction between lower mowing height, higher tiller density, and higher traction. 
However, Brosnan, McNitt and Serensits (2009) found no difference in rotational traction 
on Kentucky bluegrass plots mown at 38 mm, 51 mm or 64 mm.  
 Thatch depth: Chivers’ data from AFL fields showed a moderate correlation (R2 = 
0.508) between SBA peak torque and thatch depth (Chivers, 2008), where:  
Peak torque Nm  =  42.3  +  0.846 thatch mm  +  0.239 Couchgrass %   -  0.16% bare % .  
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On a couchgrass field with 100% coverage and a thatch depth of 12 mm, this formula 
predicts a peak torque value of 76 Nm. With 25 mm thatch (which would be considered 
excessive), the formula predicts a peak torque of 87 Nm. This difference is not very high, 
suggesting that thatch has some role, but not a major role, in rotational traction. Brosnan, 
McNitt and Serensits (2009) reported no difference in Kentucky bluegrass rotational 
traction when thatch depth varied from 4 mm to 13 mm and to 19 mm, but it is impossible 
to compare this result with Chivers’ finding, as they were different species.  
Hardness: Surprisingly, the only trial data correlating surface hardness with rotational 
traction was reported in Gibbs, Adams and Baker (1989). As noted in Table 2.18, there 
was a only a low, non-significant correlation (r = 0.27) between ground hardness, as 
measured by penetration resistance, and SBA peak torque. The low correlation suggests 
either that hardness and traction are truly unrelated, and influenced by different factors 
(e.g. hardness influenced by soil factors, traction influenced by grass factors), or that the 
interaction between these factors is so complex that a clear relationship cannot be seen.  
Light intensity: Baker measured rotational traction on professional football fields and 
found that, on average, grass coverage on shaded areas was less than on unshaded zones 
and there was a strong tendency for divots of turf to be easily removed in shaded areas, 
which was assumed to result from shallow rooting. Not surprisingly, rotational traction 
was also reduced in the shaded areas (Baker, 1995). Similarly, when Roche and 
colleagues tested peak torque on a shade-affected football field, areas with lower levels of  
photosynthetically active radiation were found to have considerably lower peak torque 
compared to unshaded areas (e.g. 45 Nm vs 65 Nm, August 2006) (Roche et al., 2008).   
Fertility: Canaway (1985) reported significantly higher SBA peak torque values in 
perennial ryegrass grown in a well-fertilized free-draining sand profile (around 70 Nm) 
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compared to a soil profile (around 52 Nm). However, at low nitrogen rates (below 100 
kgN/ha/yr) on the sand profile, grass cover deteriorated due to nutrient deficiency. Once 
the grass was lost and bare sand exposed, the surface became unstable and unplayable due 
to a lack of shear strength. He recommended between 100-225 kg/ha N per year for sand 
profiles, and discussed the particular importance of nitrogen in sand (Canaway, 1985b). 
The literature contained no other research on the influence of fertility on traction.  
Crumbed rubber: The results on traction from crumbed rubber topdressing are variable. 
Trials with crumbed rubber usually focus on surface hardness, but in some cases there 
were data on its effect on shear strength or peak torque. Rogers, Vanini and Crum (1998) 
reported that topdressing rates up to 24 t/ha initially reduced shear resistance by up to 
40%, but in later years the shear resistance actually increased 20%, compared to the 
untreated plots. This was attributed to settling of the rubber particles in the profile over 
time (Rogers, Vanini & Crum, 1998). Baker and colleagues (2001) also reported that 
crumbed rubber treatments reduced shear strength in a sand rootzone. Both of these 
findings have relevance to traction, as low shear strength could cause problems with low 
traction (Baker, Hannaford & Fox, 2001). Miller (2008) reported that crumbed rubber 
topdressing to rates of 75 kg/ha increased turf quality and reduced cleat damage, but 
reduced peak torque to borderline acceptability, in the range 20 – 45 Nm (Miller, 2008). 
In these three reports, low shear strength or low peak torque is seen as undesirable, but 
where rotational traction might be excessively high, the reductions might prove to have 
benefit. Henderson et al. (2007) recommended further research into crumbed rubber 
topdressing to reduce hardness on Australian football fields, but such research should also 
test its effect on traction.  
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Other: Barry reported that the presence of plastic reinforcing mesh elements (Netlon, now 
known as Reflex™) and/or grass roots increased linear traction by 2.4 times, and 
rotational traction by a factor of 4.3, compared to straight sand without Reflex or grass 
roots (Barry, 2002). These effects might be undesirable if rotational traction is already 
high.  
 
Variability in traction 
Twomey and Fleming (2011) noted speculation that spatial variability in traction across 
an in situ field might be highly relevant to injury risk. This makes intuitive sense, as the 
boot factor is fixed yet the player may execute a pivot manoeuvre on any part of the 
ground, on areas with potentially very low boot-surface rotational traction, through to 
very high boot-surface rotational traction.  
Roche and colleagues (2008) conducted rotational traction monitoring at an elite football 
stadium in Brisbane over several years, which entailed monthly or fortnightly testing on 
110 locations on the field, using an Automated Turf Traction Tester. They compared a 
Distribution Uniformity (DU) and a Coefficient of Field Uniformity (CFU) treatment of 
their data. The DU calculation compares the mean of the lowest 25% of values to the 
overall mean, and is frequently used to analyse irrigation performance, where areas 
receiving the least amount of water are of particular concern. On a sportsfield, however, 
the highest rotational traction values are of greater concern than the lower values. The 
CFU formula is calculated as: CFU % = 100 – (100 * Standard Deviation / Mean). If the 
mean was 70 Nm, for example, and the standard deviation 10 Nm, the CFU would be 
86%. The paper by Roche and colleagues does not include worked examples of CFU 
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values, but the authors concluded that the CFU manipulation provided a more realistic 
and informative representation of the surface conditions than DU (Roche et al., 2008).  
Using SBA peak torque data from nine locations on 36 community-level football grounds 
during the 2007 season, Twomey and Fleming (2011) found Coefficient of Uniformity 
values varying between 35 – 83%, and Coefficient of Variation (100 * Standard 
Deviation/Mean) values varying between 17 – 65%. They found no correlation between 
those measures and injury rate, but rates were low and they concluded that a larger 
sample was needed to adequately test the relationship (Twomey & Fleming, 2011).  
CU, DU and CFU are summary values that might enhance the understanding of some 
data, but not all. The fact that players might execute a pivot manoeuvre at any part of the 
field suggests that a simple range in peak torque, lowest to highest value, could be more 
relevant for in situ fields. CFU, CU, CoV and standard deviation values can, in fact, 
conceal the real importance of such data. For example, on a field with isolated low-
traction areas of limited extent (e.g. goalsquares), even if the testing procedure sampled a 
high number of randomly-selected locations, the contribution of those traction values to 
the mean or standard deviation would be small, so their effect is essentially hidden. But to 
a player, these are the areas they could potentially slip on, and they might select boots 
with sufficient traction to prevent that happening. Following that argument, reporting the 
range in values might be more informative. It would certainly be more easily interpreted 
by most ground managers.  
This argument is illustrated by examining the research of Caple, James and Bartlett 
(2012b), who reported on spatial variation in GoingStick values at up to 150 points on 
each of three football pitches, tested at the start, middle and end of the 2010 football 
season (Table 2.20).  
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Table 2.20: Mean, range and coefficient of variation values for GoingStick shear resistance values 
from three football pitches at three assessments, adapted from (Caple, James & Bartlett, 2012b) 
 
      
    
Pitch A (63% clay + silt)  Mean GoingStick value (Nm) Range (Nm) CoV 
Season start 41 25 - 52 0.16 
Season mid 30 19 - 40 0.13 
Season end 49 27 - 53 0.10 
    
Pitch B (28% clay + silt) Mean GoingStick value (Nm) Range (Nm) CoV 
Season start 23 10 - 33 0.16 
Season mid 23 15 - 33 0.15 
Season end 37 17 - 53 0.20 
    
Pitch C (5% clay + silt) Mean GoingStick value (Nm) Range (Nm) CoV 
Season start 13 8 - 19 0.20 
Season mid 13 6 - 17 0.19 
Season end 31 17 - 41 0.13 
 
A high number of test points were required to enable the geostatistical profiling they 
wished to examine. The GoingStick was used as a proxy for rotational traction due to the 
difficulty of using the SBA for such an intensive testing regime. Although the GoingStick 
action is quite different from the SBA, the authors claim a high linear correlation between 
the two (R2 = 0.88). The primary aim of the research was to investigate different 
approaches to geostatistical analysis of variation across a pitch, and any implications for 
injury risk were only generally discussed. The three different approaches included 
descriptive statistics, the use of variograms, and mapping of each of the surface 
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mechanical properties (Caple, James & Bartlett, 2012b).  GoingStick shear resistance was 
highest in the clay rootzone and lowest in the sand rootzone. This is contradictory to the 
general finding that SBA peak torque is higher in sand than soil rootzones (Canaway, 
1983 and 1985b; Magni et al, 2004; Reyneri & Bruno, 2004; Villwock, 2009), and 
suggests the SBA and GoingStick are measuring different things. However, it is still 
possible to use the GoingStick data to examine the issue of variation and range.  
In the data provided by Caple and colleagues, CoV values don’t appear as informative or 
as easy to interpret as the range values. For example, Pitch B at the end of the season had 
the widest range of traction values (36 Nm, from 17 – 53 Nm), but its coefficient of 
variation value (0.2) was the same as Pitch C at the start of the season, whose range was 
only 11 Nm (8 – 19 Nm). A logical argument could be put that a range of 36 Nm involves 
a greater injury risk than a range of 11 Nm, which the CoV value has not revealed.  
 
Conclusions: Agronomic conditions and rotational traction 
There is no consensus in the literature on a link between boot-surface rotational traction 
and ACL injury risk. Under the precautionary principle, the thesis will accept the link as 
real and proceed accordingly.  
Although there are several devices to test rotational traction, the SBA is the most widely 
adopted by medical researchers, turf scientists, standards organisations and turf 
practitioners. It appears well suited to the research in this thesis, although the issue of 
poor reliability needs to be addressed.  
There are deficiencies and inconsistencies in the literature on the causal relationships 
between rotational traction and agronomic properties such as soil texture, soil moisture, 
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turfgrass species, thatch depth, groundcover and other grass or soil conditions. This 
reflects the complexity of the interactions between these factors. Future research will need 
to isolate these variables, as much as possible, to examine their specific influence on 
rotational traction without confounding.  
There were two counter-intuitive relationships that, in particular, require further study. 
First, rotational traction was generally higher in sands compared to soils, even though 
shear strength is low in sands. Given that sand fields might offer a solution to hardness 
problems in drought, such a solution might be counter-productive if traction proves 
excessive. Second, rotational traction was often found to be adequate even when the 
above-ground verdure was completely absent, provided the below-ground biomass was 
still present. This has important implications with regard to sustainability of grasses in 
community- level football.  
Grass and soil conditions on a football field are modifiable to some extent. If the 
relationship between a particular grass or soil condition and excessive rotational traction 
proves consistent and influential, it should be possible to modify that condition to reduce 
traction. In these investigations, an important factor in ground safety might not be the 
rotational traction value, per se, but the range in traction values on a field. So the range in 
traction values becomes, in effect, another agronomic variable to be examined along with 
the grass and soil conditions. However, rotational traction is, necessarily, an interaction 
between a surface and a boot. It might prove simpler for players to modify footwear to 
eliminate excessive rotational traction, rather than requiring wholesale changes to grass 
types or soil conditions.   
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Boot factors in rotational traction 
 
While most of the Australian rotational traction research has focussed solely on grass and 
surface factors, research elsewhere treats traction as a necessary interaction between boots 
and the surface. There have been several such reports since the 1970s, and some 
development of device technology, but there has been no advancement in standardising 
test methodology. Some linear traction research is included in this section, where relevant 
to the thesis, but the focus is on rotational traction.   
Stanitski and colleagues compared sprint times, impact and linear traction of four boot 
types on three synthetic turfs and one natural turf surface. Linear traction was assessed by 
a drag test with a 111 N load, and friction coefficients varied from around 0.8 to over 1.5, 
with lower values on grass compared to the synthetic surfaces. Sprint times were up to 
5.5% faster on the synthetic turfs compared to natural grass in both a straight run and on a 
slalom course. Video analysis indicated that the uniformity of the synthetic surface could 
be the main contributor to this difference, and the implication of increased player speed 
on injury risk in football was raised (Stanitski, McMaster & Ferguson, 1974).  
The most frequently cited early boot-surface study was conducted by Torg et al. (1974). 
In their epidemiological study, referred to earlier in this review, knee injuries requiring 
surgery fell by 78% when players wore a soccer boot (15 x 9.5 mm studs, peak torque 38 
Nm on grass) compared to the year prior to the study, when wearing a conventional boot 
(7 x 19 mm studs, peak torque 74 Nm on grass). They concluded that players mostly wore 
the wrong boot for the surface, and recommended action in the selection of the boot as a 
solution to the foot fixation and knee injury problem. Their preliminary boot research 
found a linear relationship between peak torque and load. This led them to develop a 
Release Coefficient (r value) to characterise the rotational traction of a specific boot-
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surface combination, where r = peak torque ft-lbs/normal weight lbs. In combination with 
their epidemiological data, the boot research led them to conclude that boot-surface 
combinations with r values over 0.4 were probably not safe. Multiplying Torg’s r values 
by 137 will convert them to an equivalent SBA peak torque, which has been done in 
Table 2.21.  
Table 2.21: Conclusions on relative safety of different r values (adapted from Torg et al., 1974) 
and equivalent metric torque using the SBA 46 kg load 
 
    
Conclusion r value Equivalent torque (under 46kg loading) 
Not safe > 0.49 > 67 Nm 
Probably not safe 0.4 - 0.49 55 - 67 Nm 
Probably safe 0.31 - 0.4 42 - 55 Nm 
Safe < 0.31 < 42 Nm 
 
Using a standard weight of 100 lbs (45.5 kg, or 445 N load), they then tested a total of 
108 boot and surface combinations, as summarised in Table 2.22:  
Table 2.22: Summary of mean peak torque and r values for various boot configurations, adapted 
from Torg et al., 1974.  
                    
Boot Cleat 
 
Natural grass 
 
Synthetic 
type No.  Length Diameter 
 
r 
value 
Peak torque 
(Nm)  
r 
value 
Peak torque 
(Nm) 
Conventional 7 19 9 
 
0.55 74 
 
0.33 45 
Conventional 7 12.5 9 
 
0.44 59 
 
0.3 41 
Bowdoin heel 5 19 9 
 
0.37 50 
 
0.22 30 
Soccer 15 12.5 9 
 
0.36 49 
 
0.36 49 
Soccer 15 9 12.5   0.28 38   0.27 36 
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The Bowdoin heel was equipped with a heel disc, a design that doesn’t appear to be in 
current use. A conventional boot (19 mm studs), had an r value of 0.55 and an average 
peak torque of 74 Nm on natural grass, whereas the soccer boot (9 mm studs) had an r 
value of 0.28 and a peak torque of 38 Nm. Torg and colleagues recommended that 
football boots be configured with 15 studs, at least 12.5 mm in diameter and no more than 
12.5 mm long. Later research led them to recommend polyurethane soles, not rubber, 
because of the high grip of rubber on synthetic surfaces, an effect amplified by high 
temperatures on synthetic turf, although not on grass (Torg, Stillwell & Rogers, 1996).  
Bostingl, Morehouse and Niebel (1975) also tested a range of boot and surface 
combinations, including natural turf grown in trays, using a traction device fitted with a 
prosthetic foot that could be placed in either a toe-stance or full foot stance. In all, 164 
combinations of shoe type and surface type were tested. Rotational traction was around 
70% higher on a full-foot stance compared to a toe-stance position. This was most evident 
in the swivel shoe, which was equipped with a turntable in the forefoot. In a toe-stance 
the rotational traction of the swivel shoe was only 9.5 Nm (on all four surfaces), but in 
full foot stance it ranged from 47 Nm on natural turf to 75 Nm on synthetic turf. The 
conventional shoe (7 x 19 mm cleats) on natural turf had the highest rotational traction of 
all combinations (74 Nm), the same value determined by Torg and colleagues. Other 
combinations of shoe-type and synthetic surface also had high traction. For shoes 
designed for synthetic surfaces, rotational traction was highly correlated with cleat area 
(i.e. number of cleats x surface area of the bottom of the cleat) when tested on synthetic 
surfaces. These combinations developed frictional forces rather than tractional forces, as 
the cleats didn’t penetrate the backing on the synthetic turf.  In all shoe-surface 
combinations, peak torque was higher at 91 kg load compared to 77 kg loading. No 
attempt was made to fit the results to a Release Coefficient; in fact the r concept was not 
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raised at all. The authors concluded that boot-surface torque depended on the sole design, 
the playing surface, the player weight and the foot stance assumed (Bostingl, Morehouse 
& Niebel, 1975).  
Heidt et al. (1996) also tested linear and rotational traction of different boots on synthetic 
and natural turf, in this case a 100 mm deep sample of couchgrass. The turf samples were 
fixed to a test platform. The test shoes were fitted to a prosthetic foot which was moved 
by pneumatic actuators, under a normal load of 11.35 kg (111 N). The low load was based 
on their previous research indicating that the relationship between load and torque was 
linear. This finding of linearity in the relationship was later challenged by their own 
research (Cawley et al., 2003), and therefore the results should be interpreted with 
caution. A summary of their results for linear traction is shown in Table 2.23. There was 
good consistency between the classes of shoe, so the results are summarised under type, 
rather than individually (Heidt et al., 1996).  
Table 2.23: Linear traction of different shoe types on AstroTurf and natural turf, adapted from 
Heidt et al., 1996  
          
Surface 
Linear traction (N) 
Turf Shoe Moulded Cleats Conventional Cleats Court Shoe 
Dry Astroturf 378 571 213 259 
Wet Astroturf 293 408 165 222 
Natural Grass 329 409 695 255 
 
Linear traction results were lower in all cases on wet Astroturf compared to dry Astroturf. 
Moulded cleats provided the best linear traction on Astroturf, wet or dry, followed by the 
Turf Shoe, then the Court Shoe. Conventional cleats on Astroturf provided the lowest 
linear traction because of the low contact surface and low penetration of cleats on 
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Astroturf. In their tests on rotational traction, Heidt et al. calculated Release Coefficients 
using the concept developed by Torg et al., as shown in Table 2.24.  
Table 2.24: Rotational traction results (Nm) and Release Coefficients (r, in brackets) for various 
shoes on AstroTurf and natural turf, adapted from Heidt et al. (1996). 
     
Surface 
Rotational traction (Nm) and r value 
Turf Shoe Moulded Cleats Conventional Cleats Court Shoe 
Dry Astroturf 16 (0.50) 28 (0.81) 18 (0.53) 18 (0.54) 
Wet Astroturf 12 (0.38) 23 (0.71) 14 (0.40) 10 (0.29) 
Natural Grass 14 (0.48) 31 (0.80) 43 (1.26) 12 (0.35) 
 
The authors noted that 73% of the shoe-surface combinations tested were unsafe or 
probably unsafe (r values > 0.4). In some cases the r values were extremely high, e.g. 0.8 
for moulded cleat shoes on all surfaces, and 1.26 for conventional cleats on natural turf 
(Heidt et al., 1996). According to these data, on natural turf only the court shoe would be 
considered safe to wear. They concluded that manufacturers should indicate the 
conditions a particular boot is designed for and is safe for. Further, boots should be 
independently analysed and data provided to allow athletes to make informed decisions 
when selecting boots (Heidt et al., 1996).   
However, the low loading used and the resulting low torque values limit the reliability of 
this report, and later research by the same team investigated the effect of load on traction 
(Cawley et al., 2003). They measured linear and rotational traction of nine shoes on grass 
and synthetic turf under loads of 178 N and 979 N. Traction forces did not increase 
linearly with load, in contradiction to Torg et al. (1974) and their own earlier finding. A 
400% increase in normal load resulted in linear traction increases ranging from 41 – 
129% on synthetic turf and 29 – 208% on natural turf, and rotational traction increases 
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ranging from 36 – 256% on synthetic turf and 98 – 234% on natural turf. In tests at the 
higher load, representative of the standing weight of a 100kg footballer, the shoes 
designed for synthetic turf developed the greatest linear and rotational traction on 
synthetic turf, and the shoes designed for grass developed the greatest linear and 
rotational traction on grass. So, at the higher load, the shoes provided the greatest traction 
on the surface they were designed for. However, this fact was not apparent in the low load 
tests. The authors concluded that materials tests should attempt to use realistic loads in 
boot-surface traction tests (Cawley et al., 2003).  
Lambson, Barnhill and Higgins (1996) investigated the effect of stud placement on 
rotational traction and injury. They found a significantly higher rate of injuries among 
players wearing an ‘Edge’ boot which had studs positioned around the periphery of the 
sole, compared to three other boot types without an edge design. They then tested these 
boots for rotational traction using a prosthetic foot device in a toe-stance position and a 
45.5 kg (446 N) normal load. The three non-edge boots had a mean peak torque on 
natural turf of 24 Nm, significantly lower than the edge design (31 Nm). The authors 
concluded that stud placement had a significant effect on rotational traction and linked 
this to the rate of knee injuries from their epidemiological findings (Lambson, Barnhill & 
Higgins, 1996).  
Several studies have investigated the effect of stud shape on traction. Using the Pennfoot 
device, McNitt, Waddington and Middour (1997) reported that a conventional boot with 
conical studs had significantly higher rotational traction on natural turf than a moulded 
sole boot, although there was no significant difference in linear traction. The ability to 
mould any stud shape directly to a boot outsole raised the possibility of stud designs that 
could decouple linear traction from rotational traction, allowing high performance but 
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reduced risk of knee injury (Stefanyshyn, Lee & Park, 2010). Valiant (1990) suggested 
that, ideally, the linear friction coefficient for sport should be greater than 0.8 but the peak 
torque should be less than 30 Nm. Frederick (1993) also proposed an ideal combination 
where the linear friction coefficient was around 0.8 but rotational grip was no more than 
10 - 12 Nm (Frederick, 1993). Heidt and colleagues supported this notion and provided 
data indicating that rotational traction values in excess of 12 – 13 Nm might be 
considered unnecessary, excessive and possibly unsafe (Heidt et al., 1996). Bladed studs 
(also called chevrons, fins or bladed cleats) have been proposed as a method to maintain 
high linear traction but reduce rotational traction.  
However, the research on this is inconsistent. Using the RMIT Traction Tester, Barry 
(2002) found that blade-style boots produced higher rotational traction than boots with 
conical stops, which is exactly what the blades were designed to avoid. Each boot-surface 
combination and loading condition had idiosyncratic traction results, however, and Barry 
concluded that empirical testing of each shoe-surface pair as a unique combination was 
required (Barry, 2002). A limitation of this research was that most of the testing was done 
on a dry sand surface, not a turf surface. 
Contradicting Barry’s conclusion regarding stud shape, Gehring and colleagues (2007) 
collected human kinematic data on two different types of boot, one with conical studs and 
the other with blades. Subjects landed on a force plate and executed a pivot manoeuvre. 
There were no significant differences in ground reaction forces or knee joint moments or 
hamstring activation between the boot types. However, the round studs resulted in 
significantly higher quadriceps activation than the blades, leading the authors to speculate 
that the round studs could be responsible for higher knee joint loads and stress on the 
ACL compared to the blades (Gehring et al., 2007). Also in support of bladed cleats, 
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Wannop and colleagues (2009) reported that stud configurations using blades had similar 
linear traction to conventional stud configurations but only around half the rotational 
traction (Wannop, Luo & Stefanyshyn, 2009).  
Contradicting that finding, Smeets et al. (2012) found that a blade design with 13 x 14 
mm fins had significantly higher peak torque (37 Nm) on a perennial ryegrass/Kentucky 
bluegrass blend compared to a boot with 12 x 16 mm long conventional studs (33 Nm). 
Although the difference was significant, it appears modest in practical terms and appears 
to have been measured with a normal load of 300 N (31 kg). In an interesting addition to 
the testing, the bladed boot had significantly higher torque on grass in external rotation 
(37 Nm) compared to when tested with internal rotation (33 Nm). The conventional 
cleated boot, however, showed no difference in torque due to the direction of rotation. 
The authors stated that the blade design was designed to provide greater stability for the 
support foot during kicking, but concluded that conventional studs were safer, especially 
in manoeuvres involving external rotation (Smeets et al., 2012). There were several 
limitations to this study, including the use of a relatively low normal load, and the fact 
that rotations were only executed to 30o in either the external or internal direction. It is 
possible that peak torque had not been reached by that angle.  
Blades have a greater surface area compared to conical studs. Kirk and colleagues (2005) 
found a very high linear correlation (R2 = 0.9953) between linear traction and stud area on 
synthetic turf. Doubling stud surface area led to a 60% increase in linear traction (Kirk, 
Haake, Senior & Carre, 2005). In a later paper, Kirk, Carre, Haake and Manson (2006) 
proposed a generic formula for calculating traction, factoring in the number, cross 
sectional area and length of studs, the coefficient of friction between the stud and the 
surface, the normal force applied and the velocity of travel. The authors acknowledged 
134 
 
the difficulty of such an approach due to the inter-relatedness of these factors and the non-
linear relationship of some of these inputs to output (Kirk et al., 2006).  
An example of the difficulty in predicting rotational traction from stud characteristics can 
be seen with stud number. Severn and colleagues (2010) tested a number of stud 
configurations (2, 3, 4 and 6 studs) using a SBA with 12.6 mm studs on three synthetic 
turf materials. The peak torque only increased marginally as stud number increased, from 
27 Nm (2 studs) to 30 Nm (3 studs and 4 studs), to around 34 Nm (6 studs) (Severn, 
Fleming & Dixon, 2010). The authors also measured peak torque at varying loads (16, 26, 
36 and 46 kg) and found an approximately linear relationship, but with peak torque 
reducing by 15-20% from a direct linear relationship as load increased. The authors 
speculated that this was due to compression of the infill and possibly increased friction 
between the fibres and the infill. They noted that it was unclear whether a near linear 
relationship would continue with high loads beyond their maximum of 46 kg (Severn et 
al., 2010).  
The lack of progress in modelling rotational traction from stud characteristics, and the 
evidence that each boot-surface combination required individual, empirical testing (as 
Barry contended) means that much of the literature simply consists of tabulated rotational 
traction data from multiple boot-surface combinations. However, this research did lead to 
new ways of looking at the problem.  
For example, Livesay and colleagues (2006) explored the concept of rotational stiffness 
more fully. They constructed a rotational traction device to test two shoe types, a soccer 
boot designed for grass, with 8 x 12.7 mm conical studs on the forefoot, and a turf shoe 
designed for synthetic surfaces, with 58 x 8.5 mm rubber cleats on the forefoot. Each shoe 
was tested in the forefoot stance on one natural grass and four synthetic surfaces. The 
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device could accommodate various loadings. More importantly, it was able to quantify 
the increase in torque as the angle of rotation increased, in addition to peak torque. The 
slope of the torque vs angle of rotation relationship was termed rotational stiffness, and 
they quantified the slope at two phases of interest, an initial phase (0 – 2o of rotation) and 
a linear phase (2 – 10o). Table 2.25 summarises the mean minimum and maximum values 
for the various combinations. They noted that, once scaled for difference in normal load, 
their peak torque values were in broad agreement with the findings of Bostingl et al. 
(1975), and Heidt et al. (1996). 
The grass boot developed the highest peak torque on FieldTurf (39 Nm), nearly double 
the peak torque of that boot on natural grass (20 Nm). The turf shoe developed the highest 
peak torque and rotational stiffness on Astroturf and the lowest peak torque and rotational 
stiffness on grass. While these results are interesting, the main impact of this paper is its 
findings on rotational stiffness. The range in rotational stiffness was proportionately 
greater than the range of peak torque values with the different combinations, and the 
authors suggested that rotational stiffness might be a more sensitive indicator of rotational 
traction than peak torque. The authors also noted that, given the probable role of 
neuromuscular stabilization and player reaction time on ACL injury risk, rotational 
stiffness in the early phase of a pivot manoeuvre would be more relevant to ACL injury 
risk than peak torque, which was only reached at 20o, 30o and even up to 70o of rotation. 
They noted that in some cases a shoe-surface combination with high peak torque did not 
necessarily have high rotational stiffness (Livesay, Reda & Nauman, 2006). In such cases 
the question will be which parameter is more relevant in the context of ACL injury.   
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Table 2.25: Mean maximum and minimum peak torque, initial rotational stiffness and linear 
rotational stiffness for two shoe types in forefoot stance on synthetic surfaces (AstroTurf, 
Astroplay and FieldTurf) and natural grass, adapted from Livesay, Reda and Nauman (2006)  
      
Grass boot (8 x 12.7 mm conical studs) Surface  Mean value 
Maximum torque (Nm) FieldTurf 39 
Maximum initial rotational stiffness (Nm/degree) Astroturf 3.35 
Maximum linear rotational stiffness (Nm/degree) FieldTurf 1.44 
   Minimum torque (Nm) Grass 21 
Minimum initial rotational stiffness (Nm/degree) Astroplay 1.21 
Minimum linear rotational stiffness (Nm/degree) Grass 0.44 
   
Turf shoe (58 x 8.5 mm rubber cleats) Surface Mean value  
Maximum torque (Nm) Astroturf 33 
Maximum initial rotational stiffness (Nm/degree) Astroturf 4.34 
Maximum linear rotational stiffness (Nm/degree) Astroturf 2.37 
   Minimum torque (Nm) Grass 20 
Minimum initial rotational stiffness (Nm/degree) Grass 1.03 
Minimum linear rotational stiffness (Nm/degree) Grass 0.33 
 
In their preliminary testing on a synthetic surface, Livesay and colleagues had found a 
linear relationship (R2 > 0.99) between increasing normal load (within the range 67 N – 
511 N) and peak torque, and also between normal load and rotational stiffness in both the 
0 – 2o and the 2 – 10o phases (Livesay, Reda & Nauman, 2006). This agreed with the 
contention that the relationship between rotational traction and load was linear, and that a 
single normal load could be used to characterise the rotational traction of a shoe-surface 
combination. Other research (e.g. Cawley et al., 2003; Grund & Senner, 2010) disagreed, 
finding that the relationship was not linear, and concluding that the traction of a shoe-
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surface combination needs to be assessed at a realistic loading. However, Livesay and 
colleagues were satisfied that the relationship was linear within that modest load range, 
and continued their testing at a single loading of 333 N (34 kg).  
Villwock and colleagues devised a rotational traction tester which applied a normal load 
of 1000N (102 kg) onto a size 13 prosthetic foot planted in the full stance position. 
Rotation speed was 180o per second, which is much faster than the ASTM standard for 
the SBA, but the authors quoted research showing that tibial rotation during normal 
running was in the order of 160-180o per second. Based on the work by Torg and 
colleagues, the authors estimated that a safe peak torque for the normal load in their study 
was around 95 Nm. In a comparison of various boot types on two synthetic and two 
natural grass surfaces, the authors found that both synthetic surfaces had significantly 
higher peak torque than natural turf, with a mean peak torque across all boot types of 118 
Nm for FieldTurf and 112 Nm for Astroplay (Table 2.26). The natural turfs were a 
Kentucky bluegrass sward with a minor component of perennial ryegrass, grown on either 
a sand profile or a soil profile. The sand-based grass had a mean peak torque across all 
boot types of 96 Nm, compared with 83 Nm for the soil-based grass. There was a high 
variation in peak values between and within treatments, and no significant differences in 
peak torque were found between boot types, except between a turf shoe with 80 x 6.5mm 
dimples compared to all the cleated types. Their device captured torque vs rotation angle 
data so a rotational stiffness value could be calculated, as shown on Table 2.26. The 
authors observed that the shoe upper flexed during the test, so they determined that 
rotational stiffness be the slope of the torque vs rotation curve from an initial point where 
3 Nm was reached, up to 75% of the peak torque, usually between 40-60o of rotation 
(Villwock, Meyer, Powell, Fouty & Haut, 2009b).
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Table 2.26: Mean peak torque (Nm) and rotational stiffness (Nm/deg) of 10 shoe types on 4 turf types, adapted from Villwock et al., 2009b 
                      
Boot 
No. Stud FieldTurf AstroPlay Grass in sand Grass in soil 
studs length Peak torque  Rotational stiffness 
Peak 
torque  
Rotational 
stiffness 
Peak 
torque  
Rotational 
stiffness Peak torque  
Rotational 
stiffness 
Blade II 14 16.3 136 4.0 122 3.2 116 2.2 88 1.7 
7 Fly 13 12.5 120 3.7 108 3.8 107 2.0 95 2.0 
Vapor Jet 12 12 132 4.0 118 3.6 100 2.3 99 2.0 
TRX 15 13 129       3.0 117 3.2 99 2.0 80 2.3 
Blitz 15 11 122 5.1 109 4.3 74 2.5 78 3.2 
Superbad 21 11 117 2.5 120 2.4 101 1.7 74 1.4 
Gridiron 20 12 112 4.2 110 4.3 85 2.5 81 2.4 
Blade D 7 12.5 120 3.1 131 3.4 112 2.9 83 2.3 
Quickslant 7 12.5 113 3.4 106 3.3 105 2.7 94 2.5 
Turf Hog 88 6.5 81 3.1 78 3.4 60 1.6 60 2.2 
Mean      118 3.6 112 3.5 96 2.2 83 2.2 
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The lowest peak torque on all surfaces was provided by the boot with the shortest studs. 
The highest peak torque on FieldTurf and grass growing in sand was from the boot with 
the longest studs (Blade II, 16.3 mm studs). But there was a great deal of individuality 
about the results. The highest rotational stiffness on natural grass growing in soil was 
from a boot with only 11 mm long studs (Blitz), which had a distinctive stud design. The 
highest rotational stiffness in natural turf growing in sand was the Blade D boot, with 7 x 
12.5 mm studs. There was a low correlation (R2 = 0.34) between peak torque and 
rotational stiffness values (Villwock et al., 2009b).  
In a follow-up study by the same authors, using the same equipment on three synthetic 
fibre types and three infill materials, the data were much more uniform, and significant 
differences were found between some of the treatments (Villwock, Meyer, Powell, Fouty 
& Haut, 2009a). The mean peak torque in the second study didn’t vary greatly between 
surface types (from 97 Nm to 109 Nm), but did vary to a greater extent between the boot 
types. Once again the boot with the longest stud length (16.3 mm) had the highest peak 
torque and the boot with the shortest studs (6.5 mm) had the lowest peak torque. The 
moulded blade cleats provided generally higher peak torque than the conical shape. The 
authors noted that cleat configuration had a large effect on rotational traction, and that 
numerous and/or longer cleats on the periphery of the outsole led to high rotational 
traction values (Villwock, Meyer, Powell, Fouty & Haut, 2009a).  
Wannop, Luo and Stefanyshyn (2009) used a portable traction testing device to measure 
the linear and rotational traction of 106 different boots on a Kentucky bluegrass field. The 
device was fitted with a prosthetic foot inclined at 20o, so that only the forefoot cleats 
engaged the ground, and used a normal load of 580 N. Linear traction was tested at a 
speed of 25cm/s (0.9 km/hr), and rotational traction at a rate of 90o per second. The 
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device captured torque data over time, allowing a graph or trace of rotational stiffness to 
be created. The 106 boot types ranged in size between 8.5 – 15 and were categorised as 
either stud, edge or fin types. They found no significant difference in linear traction 
between the different boot types, but there were significant differences in rotational 
traction, and an apparent difference in the rate of torque increase over time between the 
boot types. The trace of torque increase for each boot type was presented as a graph, but 
not tabulated or transformed to a rotational stiffness measure, or statistically analysed in 
the report. Table 2.27 shows the linear traction coefficient and peak torque data for each 
boot type, and an estimate from their torque vs time trace of the torques reached by 100 
milliseconds of rotation, which coincided with 9o of rotation. From these values, an 
estimate of rotational stiffness, in Nm per degree, is also shown.  
Table 2.27: Comparison of linear traction coefficient, peak torque and an estimate of the rate of 
torque increase and rotational stiffness of three boot categories, adapted from data and graphs in 
Wannop, Luo and Stefanyshyn, 2009 
          
Boot type μ Peak torque (Nm) 
Torque at 100 ms 
(9o) of rotation 
Rotational stiffness 
(Nm/deg) 
Studs 0.73 36.6 16 1.8 
Edge cleats 0.71 32.1 15 1.7 
Fins 0.68 21.0 8.5 0.9 
 
The design with fins (also known as blades or chevrons) had similar linear traction but 
much lower peak torque and rotational stiffness compared to the stud design boot and the 
edge design boot. The results demonstrated that it was possible, through outsole cleat 
design, to decouple linear and rotational traction, and that it was possible to design boots 
that provided high athletic performance at potentially reduced risk of non-contact lower 
limb injury. The same paper presented data that wear on the studs or cleats reduced 
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traction. A boot with new studs had a peak torque of 50 Nm, which was reduced to 22 
Nm for the same make of boot when the studs were noticeably worn (Wannop, Luo and 
Stefanyshyn, 2009). 
Following this, Wannop, Worobets and Stefanyshyn (2010) compared the linear and 
rotational traction of a smooth-soled shoe and a tread-soled shoe on a running track 
surface, using a laboratory-based device with a robotic lower limb executing a cutting 
manoeuvre. They then compared those data with kinematic data from athletes performing 
running and cutting manoeuvres in those shoes. The results are summarised in Table 2.28. 
Table 2.28: Comparison of treaded shoe v smooth shoe, adapted from Wannop et al, 2010.   
Parameter Treaded Shoe Smooth shoe P value 
Stance time (ms) 220 225 NS 
Running time (m/s) 4.8 4.8 NS 
Linear friction coefficient  1.0 0.87 < 0.001 
Peak rotational traction (Nm) 23.9 16.1 < 0.001 
Peak ankle rotation moment (Nm) 89.6 80.2 < 0.003 
Peak knee rotation moment (Nm) 36.2 32.0 0.043 
Peak knee adduction moment (Nm) 224 187 0.041 
Knee adduction angular impulse (Nms) 2.1 1.8 0.01 
 
There were no significant differences in running speed and stance time between the shoes, 
but many significant differences in traction and in rotational forces on the knee and ankle. 
The treaded shoe caused significantly higher knee adduction forces and higher rotational 
moments on the knee and ankle, with loading rates that previous reports suggest would be 
into the knee joint rupture zone, with no improvement in athletic performance . However, 
the authors were not able to determine if these higher and potentially hazardous kinematic 
loads during the cutting manoeuvre were due to higher linear traction or higher rotational 
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traction (Wannop, Worobets and Stefanyshyn, 2010). Although their research did not use 
cleated footwear, and the forces measured were frictional in nature, the conclusions are 
still relevant to traction of cleated boots on natural turf.   
Cooper et al. (2009) investigated linear traction with test boots landing at angles of 0o, 
30o, 60o or 90o to the direction of travel. They tested four shoes types on a synthetic 
surface (FieldTurf) using the Boise State Turf Buster, and found no significant difference 
in linear traction between the four boot types, and no significant relationship between the 
stud bottom surface area of each boot and peak linear traction coefficients. But the linear 
traction coefficients of all four shoe types increased dramatically when the shoes were 
aligned at 30o, 60o or 90o to the direction of linear force, compared to when the shoe was 
aligned straight on (i.e. 0o). There was also a reduction (not significant) in the linear 
traction coefficient at 90o orientation to the line of force, compared to 60o. The authors 
concluded that a trench effect was in operation, where the front studs created a trench that 
reduced the efficacy of the following studs in that line. When the shoe was landed at 30o 
or 60o orientation the alignment of studs on the sole disappeared and each stud then had a 
unique path and contributed more effectively to traction. At 90o of alignment some studs 
were again aligned, and the trench effect reduced traction to some extent (Cooper et al., 
2009). This study was conducted on synthetic turf, and the four boots had relatively short 
stud lengths, so the trench effect would probably be less than might be seen with longer 
studs on natural turf.  But it emphasised the complexity of boot-surface research and the 
difficulty in deriving basic principles.   
Traction tests by Clarke and Carre (2010) looked more closely at the issue of stud 
penetration, although their focus was solely on linear traction. They used the same device 
as Kirk et al. (2005, 2006), with a 350 N (35.7 kg) normal force on a test foot in the 
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forefoot stance. They tested a 3rd generation synthetic surface and a natural turf surface. 
The lack of complete stud penetration in the longest stud (16 mm) resulted in low linear 
traction results due to two factors – first, the reduction in stud surface contact area, and 
secondly the lack of engagement of the outsole surface with the ground surface. The studs 
on the other boots tested reached full penetration into the surface, which allowed the boot 
outsole to engage with the ground surface and contribute to traction. This penetration 
could also have caused some compression of the underlying surface, potentially adding to 
the traction of the studs. With full stud penetration, the linear traction results correlate 
reasonably well with the cross-sectional area of the engaged studs, although there was one 
anomaly on the synthetic surface, where a 12.5 mm conical stud provided higher traction 
than a 15 mm long stud, probably due to displacement of the infill material by the longer 
stud (Clarke & Carre, 2010).  
Drakos and colleagues (2010) tested the ACL strain on cadaver limbs secured in a novel 
test apparatus that prevented femoral rotation but created tibial rotational torsion via boot-
surface rotation in a simulated cutting manoeuvre. They tested two different boot types, a 
turf shoe designed for synthetic turf and a cleated boot designed for natural grass, on three 
different surfaces, a 1st and a 3rd generation synthetic, and natural turf (Kentucky 
bluegrass). They found a linear relationship between the applied torque and strain on the 
ACL, more so with internal rotation compared to external rotation. The combination of 
cleated boot on natural turf resulted in an ACL strain that was significantly lower than the 
other combinations. Compared to the natural turf-cleated boot combination, ACL strain 
was 45% higher with the 3rd generation synthetic turf-cleated boot combination, 48% 
higher with the 3rd generation synthetic turf -turf shoe combination, and 80% higher with 
the 1st generation synthetic turf-turf shoe combination. The variability in ACL strain was 
greater between surface types than between shoe types, which suggested to them that boot 
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type was less important than surface type in ACL injury risk. While acknowledging the 
preliminary nature of their research and the limitations of their data, they concluded that 
performing a cutting manoeuvre with certain shoe-surface combinations caused a high 
strain on the ACL and increased the risk of injury. They also discussed the possibility that 
the rate of ACL strain increase (i.e. rotational stiffness) might be more important than the 
peak torque, but did not attempt to measure this rate (Drakos et al., 2010).  
Using the TrakTester device, Grund & Senner (2010) tested four different cleated football 
boots and found that boots described as having aggressive cleat designs did not have 
higher rotational traction than conventionally studded boots, in fact lower in some cases. 
Tibial deflection to a valgus position and higher flexion increased torque compared to the 
normal position (no valgus or flexion). There are innumerable combinations of loading 
pattern, normal weight and boot type, and their data showed that each unique loading 
situation created a different torque ranking between the four boot types (Grund & Senner, 
2010).  
A series of traction tests on synthetic turf  by Sterzing and colleagues found that a cleated 
boot designed for natural grass had higher traction than three shoe types that were 
designed for synthetic turf. But athletes wearing the cleated boot were significantly 
slower in running and cutting tasks than when wearing the other three shoe types. The 
authors warned that mechanical and biomechanical data may not always agree (Muller, 
Sterzing, Lake, & Milani, 2010; Sterzing, Muller, Schwanitz, Odenwald, & Milani, 
2008). The same team also found that kicking velocity of a soccer ball was lower using 
the boot designed for grass, despite its higher traction, and concluded that appropriate 
traction requires a compromise between high traction and functional demands (Sterzing & 
Hennig, 2008).   
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Rather than using a traction device or cadavers, Coyles, Lake and Patritti (1998) used real 
athletes to investigate the grip of various boots on Astroturf and two natural turf surfaces 
(one wet, one dry). No boot details or photographs were provided, although it was noted 
that the boot stud configurations and designs chosen were at the extremes of the 
commercially available products. The subjects were required to perform 135o, 180o and 
225o cutting manoeuvres and rate their perceptions of grip and comfort. Timing lights and 
video analysis were used to provide objective data on speed and slip. There were no 
significant differences between boots for player perceptions of traction or speed in 
completing the manoeuvre. Although some differences were found in the amount of 
slipping with various boot-surface combinations, the authors concluded that generally 
there was no substantial boot effect on the frequency of slipping. A greater variation in 
grip was found between the athletes than between the boots or surfaces. This was thought 
to be due to their response to the boot and grip in their run up to the test, and their 
technique in the manoeuvre (Coyles, Lake & Patritti, 1998). These tests involved high 
running speeds and a virtual about face, which possibly relates more to linear traction and 
athletic performance rather than rotational traction and knee injury. But a point that the 
authors demonstrated was that in subject tests, the techniques and responses of individuals 
can mask the material differences in grip between shoe and surface types. Nigg insisted 
that any relevant assessments of the shoe-surface interaction must include real athletes to 
best characterise traction and better inform any studies of athlete injury (Nigg, 1990). But 
if differences between individual athletes disguise the differences between shoe-surface 
combinations, then generic, standardized, mechanical materials tests will be necessary.   
Kaila (2007) also used collected kinematic data on real atheltes to assess boot rotational 
traction. Ahtletes were tested in straight- line running or 30o or 60o sidestep cut 
manoeuvres on synthetic turf attached to a force platform. Four different boot types were 
146 
 
assessed and, similar to Coyles et al (1998), the difference between boots was relatively 
minor. However, the research documented a dramatic increase in internal tibial torque in 
the cutting manoeuvres, and large increases in valgus forces on the knee (Table 2.29).  
Table 2.29: Tibial torque, valgus torque and anterior joint force in sidestep cut manoeuvres 
compared to straight line running, adapted from Kaila (2007).  
 
      
Force measured Straight-ahead run 30o cut 60o cut 
Internal tibial torque (Nm) 4.5 41.5 34.8 
Valgus torque (Nm) 14.3 26.0 23.5 
Anterior joint force (N) 1150 1210 1442 
 
The anterior joint force increased only moderately in the 30o cut, but to a greater extent on 
the 60o cut, reflecting the need to decelerate more for the larger cutting angle. These 
forces were registered in the first 6 – 20% of stance, in the weight acceptance phase, and 
are at levels that cadaver research would indicate are approaching or exceeding failure 
loads (e.g. tibial rotation torque 35 Nm). The author concluded that, irrespective of boot 
type worn, the alterations to knee loads in sidestep cutting manoeuvres may be implicated 
in non-contact ACL injury (Kaila, 2007).  
To conclude this section, the literature contains many studies on boot-surface traction. 
Attempts to identify fundamental principles and create predictive models relating boot or 
stud characteristics to traction outcomes have not been successful; boot-surface rotational 
traction is highly individualistic and requires empirical testing. Stud shape, depth and 
peripheral placement appear the major boot factors incfluencing rotational traction. It 
seems perfectly feasible that excessive rotational traction on a high traction surface could 
be moderated by boot and stud selection.   
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Conclusions and summary from the literature review 
 
The literature review demonstrates the considerable challenge in devising agronomic 
strategies to avoid excessive hardness or boot-surface rotational traction in order to 
reduce ground-related injury risk. The challenge is difficult enough in elite-level football, 
but is considerably greater in community- level football in southern Australia, where 
grounds are highly susceptible to water restrictions during drought. Any strategies must 
be consistent and highly influential in their outcome, to allow a broad recommendation. 
Such strategies must also be coherent, in the sense that agronomic modifications to avoid 
one problem don’t increase injury risk from the other. The specific case raised by the 
literature review is that the agronomic strategy of using drought-resistant couchgrass to 
maintain turfgrass coverage and avoid excessive hardness, could at the same time increase 
the risk of knee and ankle injury from high rotational traction.   
The literature shows that the agronomic factor with the highest influence on ground 
hardness is soil moisture. In southern Australia, the availability of irrigation water is also 
the factor with the greatest influence on the grass species that can be successfully grown. 
The availability of water will continue to be a limiting factor in community- level football 
during the inevitable future droughts. The only unknown is the effect that climate change 
might add to this situation.  
This means that the sustainability of turfgrasses on community- level football fields is a 
major issue in this thesis. In its baldest definition, sustainable means capable of enduring, 
of maintaining existence. A sustainable football surface combines elements of this, of 
being able to endure and survive, but surviving in a way that provides social benefit, 
allowing sport to be played but without undue risk of injury, without making unviable 
economic demands or wasting scarce resources.  
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In southern Australia, the withdrawal of irrigation on grounds sown to perennial ryegrass 
led to the death of a high proportion of the plants over summer, leaving a sward with 
widely-spaced individual plants and a high proportion of bare ground. In the same 
situation, couchgrass survived extremely well due to its superior drought resistance. 
Couchgrass has a number of other advantages over perennial ryegrass, many of them 
related to economic and environmental sustainability.  
The influence of other agronomic variables on surface hardness is reasonably well 
reported, but most of this research is conducted at relatively high soil moisture contents. 
Only one report measured ground hardness into drought conditions, and found that 
hardness increased to very high levels as soil profiles dried down to low moisture content. 
There is a lack of information on the influence of agronomic variables other than water, 
such as grass coverage, soil type or soil cultivation, that might moderate hardness even in 
drought. Such information might create opportunities to maintain hardness below 
accepted thresholds and keep fields playable even in drought conditions.  
Several different devices are used to quantify ground hardness. The most commonly used 
device is the Clegg Impact Soil Tester (CIST). Although the missile weight is low and 
doesn’t attempt to replicate the impact forces experienced by an athlete, its Gmax 
deceleration value does account for ground deformation and impact pressure to some 
extent. Previous turf research has shown that it adequately discriminates between 
agronomic conditions and treatments. It is portable, has a codified, standard method of 
use, high inter-rater reliability, provides results that correlate well with more sophisticated 
devices, relates well to player perceptions of hardness, and has been widely adopted by 
researchers, ground authorities and turf practitioners. It seems well suited to quantifying 
surface hardness in the research in this thesis.  
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The other surface property reviewed was boot-surface rotational traction and its link to 
ankle and knee injury risk. The international research, almost without exception, treats the 
phenomenon as an interaction between the boot and the surface. These interactions are 
complex, however, and to date no central principle exists that can be generally applied, 
and empirical testing is required. The Australian epidemiological research has ignored 
boot factors, and has clearly implicated couchgrass as involving a higher risk of ACL 
injury than perennial ryegrass. This has been attributed to its perceived high rotational 
traction and tendency to trap players’ boots. However, this epidemiological conclusion is 
subject to several confounding factors, and the relatively low number of ACL injuries 
limits the resolution of the data. There is still no robust comparison of rotational traction 
between couchgrass and perennial ryegrass.  
A great many devices have been created to quantify rotational traction. The device most 
commonly used in research, in standards testing and in routine ground assessment is the 
Studded Boot Apparatus (SBA). Its peak torque values correlate well with player 
perceptions of grip, and it has been found to adequately discriminate between various 
agronomic treatments. Its inter-rater reliability, however, is poor. If the standard SBA 
configuration was retained, but the device was improved to minimise operator variability 
and enable the capture of rotation vs torque values (and, from that, rotational stiffness), 
then it would seem an eminently suitable device for the research proposed in this thesis. 
There is a special requirement for a reliable rotational traction comparison between 
couchgrass and perennial ryegrass. An ability to compare the rotational traction of various 
boot types using the SBA might also be valuable. The ability to quantify rotational 
stiffness in the first fractions of a second of a test could also improve the interpretation of 
test data, as rotational stiffness is arguably more relevant than peak torque in the context 
of the ACL injury mechanism.  
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Chapter 3: Moderating surface hardness 
 
The link between high surface hardness and ground-related injury is not stongly 
supported by evidence, but is accepted intuitively. The precautionary principle urges that 
the link be accepted as fact unless better evidence in the future suggests otherwise. 
Ground authorities don’t wish to close grounds and deprive a community of its sport, but 
neither do they wish to expose footballers to a high risk of injury. Many rely on CIST 
assessments in their decision-making. The literature review did not identify a level of 
CIST hardness where injury risk might be considered unacceptable. The CIST upper 
threshold currently recommended in southern Australia is 120 g (Chivers & Aldous, 
2003), but is much higher, at 150 - 175 g (Mancino, Darrah, Holdren & Sherratt, 2006) 
and even 150 – 200g (McAuliffe & Roche, 2009) in other locations. While the thresholds 
might be debated, the CIST device itself is well suited to the research reported in this 
chapter. It is portable, reliable, provides data that correlate highly with more sophisticated 
devices, relates well to player perceptions of hardness and has a standardised method of 
use that is widely adopted by sports scientists and in epidemiological research and, more 
relevantly, by turf practitioners and scientists.   
Surface hardness is an extrinsic, modifiable property. The dominant factor in its 
manipulation appears to be soil moisture content (Baker, 1991; Henderson et al., 2007; 
Rogers, Waddington & Harper, 1988). This creates a problem in community- level 
Australian football in drought situations. The literature reports that other agronomic 
factors such as soil textural type, soil amendment, mechanical aeration or grass coverage 
can influence ground hardness. Nearly all of that research, however, was done on soils in 
a relatively moist condition, not droughted. The aim of this chapter is to ascertain whether 
surface hardness could be influenced and moderated to an accepted maximum level, even 
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in drought, by manipulating other agronomic factors such as soil type or cultural 
practices, as indicated in the Figure 3.1.  
 
 
Figure 3.1: Flow chart for Chapter 3: Assessing the agronomic influences on surface hardness 
 
The experiments in this chapter will attempt to, in turn, isolate each variable and assess its 
influence on surface hardness. In some cases, two variables may be so interactive that it is 
not possible to separate them. The aim is to identify variables with a clear and consistent 
influence on surface hardness in order to create practical strategies to moderate hardness 
in drought situations.  
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Question 1: How do surface hardness and shear strength change on 
different soil textural types as they become droughted? 
 
Rationale  
Several publications have reported on the interactive effects of soil texture and soil 
moisture on surface hardness (Baker, 1991; Henderson et al., 2007; Rogers, Waddington 
& Harper, 1988; Baker, 1985; Follis, Anderson, Fresenburg & Ervin, 2008; Follis, 
Anderson, Ervin, & Fresenburg, 2009; Henderson, Rogers & Crum, 2009). With the 
exception of Henderson et al. (2007), however, none of those trials extended the hardness 
testing into severe drought conditions. Henderson et al. (2007) showed the practical effect 
of droughting on soil hardness on in situ football fields. Rootzones with a higher 
estimated clay content reached higher hardness levels in drought than soils with a lower 
estimated clay content, although soil textural analyses were not provided. If rootzones 
with a low fines content don’t reach excessively high hardness when droughted, it is 
possible that the construction of sand-based football fields would provide an agronomic 
solution to the problem. These fields should also drain well. However, some researchers 
have raised the problem of low shear strength in sands, which can lead to gouging from 
traffic, especially when turf coverage has been lost (Minner, 2002;  Peart, 2011). The 
optimum percentage of fine particles in a rootzone to avoid excess hardness when 
droughted, drain sufficiently well, yet maintain adequate stability, is unknown.   
This first experiment was a pot trial designed to quantify the surface hardness and shear 
strength of a range of rootzones at different soil moisture states, from wet through to 
droughted. The aim was to identify a rootzone fines content that provided acceptable 
infiltration rate and stability, but did not become excessively hard in drought.  
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Materials and methods 
The experiment used 150 mm diameter x 320 mm deep pots made from uPVC pressure 
pipe, fitted with a bottom cap with 1 mm diameter drainage holes. Each treatment profile 
was built as a simulated three layer USGA-green construction, with a 20 mm deep gravel 
layer (D50 2.8 mm) on the base, a 20 mm deep coarse sand (D50 0.8 mm) choker layer and 
a 280 mm depth of test rootzone. Three replicate pots of twelve different soil textural 
treatments were tested, with increasing fines content from 1.1% fines through to 42.6% 
fines. Fines are defined as particles less than 100 µm in diameter (i.e. very fine sand + silt 
+ clay), as assessed by wet sieve analysis. The clay + silt fraction (particles less than 50 
µm in diameter) was also determined during the wet sieving.   
Eight of the treatment rootzones were naturally occurring materials straight from their 
pits. The other four treatments (Treatments 6, 8, 9 and 10) were created by blending, to 
fill in gaps in the soil texture series, using the mixing ratio method detailed by Baker 
(1985) to achieve a target percentage of fines. However, there were two modifications to 
Baker’s method. Baker defined fines as particles less than 125 µm diameter, not 100 µm 
as in this thesis. And the materials were blended by volume, not by dry weight as in 
Baker’s method. In the blending formula, the ‘soil’ is the material with the higher fines 
content, and the ‘sand’ is the material with the lower fines content (Baker, 1985):   
Mixing Ratio (parts sand to part soil)  =    fines content of soil  –   target fines content  
                                                                    target fines content   –  fines content of sand 
 
For example, to create Treatment 6 (aiming for 10% fines), the natural pit soil Treatment 
7 (14.9% fines) was blended with the natural pit sand Treatment 5 (8.1% fines). The 
mixing ratio specifies 2.6 parts of Treatment 5 sand to 1 part of Treatment 7 soil.  
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Thirty litres of each treatment rootzone (whether natural or blended) was thoroughly 
mixed in a cement mixer. No soil amendments were added. Treatment 12 was a local 
clay-loam material which had a large degree of aggregation, but as it was not used in any 
blending, and as the peds were quite fine, the material was not ground. None of the other 
treatment rootzones showed any aggregation. Following mixing, the 30 litre treatment 
samples were stored in lidded bins equipped with drainage holes, and slowly wetted up 
and allowed to drain for three days until they were at or near Field Capacity.  
The materials were then installed into the uPVC pots. During installation of the 20 mm 
deep gravel layer and 20 mm choker sand drainage layer, two drops of a modified Proctor 
hammer were applied to consolidate and flatten each layer. When installing the rootzone 
treatments, as each 100 mm depth of rootzone blend was added to its pot, a further 25 
hammer drops were applied. So each treatment rootzone had 3 x 25 hammer drops as the 
pot was filled, similar to the Proctor method (Proctor, 1933). In the final increment of 
rootzone the application of the hammer was interrupted after each 5 drops to allow 
topping up with material so that each rootzone finished flush to the top of the pot.  
The modified Proctor hammer had an impacting surface of 176 cm2, a hammer weight of 
4.5 kg and a drop height of 48.5 cm to provide a dynamic impact energy of 0.121 J/cm2 
per drop. So 25 drops totalled 3.03 J/cm2 across the cross sectional surface area of the 
sample, which is the same level of sample compaction specified by the USGA rootzone 
test (Hummel, 1993). But in this case the 25 hammer compactions were done on each of 
the three 100 mm rootzone layers as the pot was being filled, so the total impact energy 
on the completed profile was 9.1 J/cm2. The original Proctor method (Proctor, 1933) 
imposes 9.21 J/cm2 on each of three incremental layers (a total of 27.6 J/cm2) compared 
to the USGA test of 3.03 J/cm2 just to the surface of the sample. So the degree of 
compaction used in this trial was a compromise between the two methods.  
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Compaction imposed on a rootzone increases density and reduces rootzone porosity and 
Ksat. Laboratory tests on turf rootzones by Henderson and colleagues (2005) reported that 
the maximum density achieved by compaction occurred at moisture contents slightly 
lower than Field Capacity (FC), whereas the maximum reduction of Ksat  by compaction 
occurred at moisture contents slightly greater than FC (Henderson, Crum, Wolff & 
Rogers, 2005). In the current study the compaction was applied to treatments at or near 
FC to achieve a high effect on both density and Ksat.   
Following compaction the test pots were placed on an outside concrete pad with no 
interference from shade or wind protection, on a completely randomised design. The pots 
were then exposed to the summer weather elements for a period of eight weeks, with no 
other disruption to the surface. This period included natural rainfall and several wetting 
and drying cycles. Slow drying has been reported as increasing the packing and soil 
strength of soil samples (Gerard, 1965), although that study was clearly referring to 
laboratory oven drying. Nevertheless, this experiment was aiming to simulate the wetting 
and drying cycles experienced in the field. Laboratory tests (see next experiment) had 
shown that oven drying such samples at 40oC even for several days only resulted in 
shallow drying limited to 25mm or so depth. It was hoped that longer term drying when 
exposed to wind and sun would result in deeper drydown of the profile, as experienced by 
actual sportsground profiles.  
At the conclusion of this natural exposure the pots were tested for shear strength, surface 
hardness and volumetric soil moisture content at five different stages through a drying 
cycle. Surface hardness was assessed using a CIST (2.25kg x 45.7cm, 1st drop). Shear 
strength was measured using a Field Inspection Shear Vane Tester (en.eijkelkamp.com) 
with 20 mm wide x 40 mm deep vanes (Figure 3.2). The shear strength value was 
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indicated on a vernier scale and multiplied by ten to provide results in kPa. The maximum 
shear strength capacity of the instrument was 120 kPa. Volumetric soil moisture (%) was 
assessed with a Theta probe (Delta-T Instruments, Cambridge, UK), which uses a 
simplified voltage standing wave method to determine the relative impedance of its 
sensing head, which consists of 4 x 6 cm stainless steel rods. Its accuracy compares well 
with a neutron probe (Gaskin & Miller, 1996), but is compact and durable. Appendix C of 
this thesis shows that Theta probe values were highly correlated (R2 = 0.86) with 
volumetric soil moisture content determined by an oven dry method of 56 soil samples of 
varying fines content.  
 
Figure 3.2: Theta probe and Shear vane tester  
 
The first round of CIST and shear tests was conducted on 18th December 2010 during an 
event of consistent, low intensity rainfall. While the rootzones could be characterised as 
near saturation during this first assessment, there was no puddling, even on the clay-loam, 
Treatment 14. The CIST test was conducted first, then the shear vane tester was inserted 
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in the same location, followed by the Theta probe test. The shear test disrupted the soil 
surface in that location, but the surface area of the pots (176 cm2) allowed each pot to be 
tested on a new location on five occasions. The first occasion was, as noted above, at a 
soil moisture status near saturation. Once the rainfall and first round of testing had 
finished, showercaps were fitted to each pot to prevent the surface drying out from wind 
and sun. Natural drainage over the next two days allowed the rootzones to reach near FC, 
and the tests were repeated. The pots were then left without showercaps, exposed to hot, 
windy weather with maximum temperatures over that period ranging from 26 – 37oC, and 
no rainfall. Tests were repeated on Days 5, 10 and 14 during that drying cycle. The five 
assessments (Day 0, 2, 5, 10 and 14) corresponded to the soils being near saturation, near 
FC, slightly dry, dry and very dry, but these titles are generic and actual volumetric soil 
moisture values are tabulated.  
At the conclusion of the drying cycle tests, the top 25 mm of soil from each pot was 
removed as a sample for wet sieve analysis for fines content and clay + silt content. The 
wet sieve analysis used a simplified procedure, where approximately 150 g of oven-dried 
sample was weighed, then thoroughly washed through a 100 µm sieve fitted over a 50 µm 
sieve. Each sieve was 150 mm in diameter. Any small peds (Treatment 12 only) were 
crushed by hand during the washing process. The material retained on the 100 µm and 50 
µm sieves was oven dried, and the amount of very fine sand and clay + silt determined by 
weight loss. With the top 25 mm of profile removed, the pots were thoroughly saturated 
from the bottom up by standing them in containers with 300 mm depth of water for eight 
hours. After removing them from the containers, adjustable irrigation drippers were used 
to provide a constant head of free water on the surface for a further four hours. The 
drippers were removed and the samples were tested for infiltration rate by a surface 
infiltration method, where the rate of entry of the head of free water into the soil was 
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measured over time. Laboratory tests (Appendix B) determined that results from this 
surface infiltration method were very strongly correlated with the Ksat method detailed by 
Hummel (1993). The fines content, clay + silt content and saturated infiltration rate from 
laboratory analysis are presented to characterise each rootzone treatment, and are not 
subjected to statistical analysis beyond presenting means and confidence intervals.  
CIST, shear strength and soil moisture data were subjected to a two-way analysis of 
variance (ANOVA) with replication to test for significant differences between soil 
textural treatments, between soil moisture states, and their interactions. Based on the 
significant interactions in the two-way ANOVA, further one-way ANOVAs were 
conducted to investigate the effect of rootzone fines content on CIST values, shear 
strength values and soil moisture values at each of the five moisture states separately. 
Where ANOVAs indicated that significant differences existed between rootzone fines 
contents, least significant differences values were calculated at an alpha level of 0.05, 
using the formula LSD = t within df  *  (2 * MS within / n reps) 0.5 (Sokal & Rohlf, 1995). 
Regression analyses were also conducted to assess trends in hardness or shear strength 
behaviour for each rootzone at different soil moisture contents.  
Results and discussion 
Table 3.1 lists the mean in situ Theta probe values when the pots were near Field 
Capacity, as well as the laboratory wet sieve analyses for % fines and % clay + silt, and 
the saturated infiltration rates measured at the conclusion of the testing phase. The 
purpose of this table is to characterise each treatment. The blending procedure had 
acceptable results in creating the target fines contents and providing a good spread of 
textural types for the experiment. 
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Table 3.1: Characterisation of twelve rootzone treatments by laboratory results for fines content, clay + silt content and saturated infiltration rate and in situ 
volumetric soil moisture content at or near Field Capacity, mean of three replicates, with 95% Confidence Intervals (CI 95%) shown.   
                        
Rootzone % Fines (<100µm)  % Clay plus Silt (< 50µm)  Infiltration Rate (mm/hr)  Moisture Retention (% v/v) 
Treatment Mean CI 95%   Mean CI 95%   Mean  CI 95%   Mean CI 95% 
1 1.1 0.7 - 1.5  0.4 0.1 - 0.7  231 207 - 255  13.8 13.4 - 14.2 
2 2.5 1.9 - 3.1  1.3 1.0 - 1.5  232 196 - 268  14.2 13.3 - 15.1 
3 3.7 2.6 - 4.8  2.6 1.9 - 3.5  216 189 - 243  17.1 16.4 - 17.8 
4 6.2 4.8 - 7.7  2.2 1.6 - 2.9  137 121 - 153  18.9 17.5 - 20.3 
5 8.1 6.9 - 9.3  3.1 2.6 - 3.5  107 89 - 125  18.8 17.9 - 19.7 
6 11.6 11.1 - 12.1  9.7 5.9 - 13.4  29 16 - 42  20.8 18.4 - 23.2 
7 14.9 13.0 - 16.8  12.4 9.2 - 15.5  1.1 0.8 - 1.4  23.8 22.9 - 24.7 
8 15.9 14.3 - 17.4  11.7 10.8 - 12.5  0.3 -   24.9 22.2 - 27.6 
9 17.1 16.4 - 17.8  16.5 15.1 - 17.8  2.7 0 - 5.7  22.1 20.6 - 23.6 
10 18.2 15.3 - 21.1  15.1 11.5 - 18.8  11.2 4.0 - 18  21.1 18.9 – 23.2 
11 31.0 23.8 - 38.2  25.5 16.2 - 34.9  0.8 0 - 2.2  27.7 25.3 – 30.1 
12 42.6 38.0 - 47.0   41.1 36.0 - 45.9   0.1  -   34.2 32.3 – 36.1 
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Treatments 1 – 5 meet that part of the USGA particle size specification that requires less 
than 10% fines and less than 8% clay + silt (USGA, 2004). However, only Treatments 3, 
4 and 5 exceed the USGA minimum volumetric moisture retention requirement of 15%. 
And only Treatments 1, 2 and 3 had infiltration rates greater than the minimum USGA 
specification of 150 mm/hr. So, of the twelve treatments, only Treatment 3 conformed to 
the relevant parts of the USGA rootzone specification.  
As Table 3.1 indicates, there was a good range of textural treatments for an investigation 
of hardness and shear strength behaviour. The relationship between infiltration rate and 
clay + silt content is in good general agreement with Adams (1981) prediction (see Table 
2.5 in the Literature Review). There are many factors (e.g. particle shape or clay 
mineralogy) that determine specific rootzone behaviour, and each treatment in this 
experiment is merely an example of its textural type, to test general principles of moisture 
vs hardness or shear strength behaviour.  
Table 3.2 presents the volumetric soil moisture and CIST surface hardness data for each 
of the twelve rootzone treatments at five different states of soil moisture, generically 
referred to as near saturation, near Field Capacity, slightly dry, dry and very dry. The two-
way ANOVA with replication indicated there were significant differences between soil 
textural treatments (P < 0.05, F11,60 = 89.0, Fcrit  = 1.9), between the different moisture 
states (P < 0.05, F4,60 = 107.0, Fcrit = 2.5) and a significant interaction between soil 
textural and moisture (P < 0.05, F44,60 = 6.7, Fcrit = 1.6). One-way ANOVAs were then 
conducted to compare soil textural treatments at each particular soil state, and where 
significant differences were indicated, least significant difference values were calculated, 
as presented in Table 3.2.  
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Table 3.2: Mean fines content, infiltration rate, soil moisture content and CIST hardness of twelve 
rootzones when treatments were near saturated, at FC, slightly dry, dry and very dry. CIST values 
at any moisture status followed the same letter are not significantly different (P = 0.05).   
                
   
Soil moisture status 
RZ Soil type Assessment  Sat.  FC Sl. dry Dry Very dry 
   
          
1 1.1 % Fines Soil Moisture 17.5 13.8 10 7.6 6.3 
IR: 231 mm/hr CIST (g) 47 a 93 a 75 a 48 a 34 a 
                
2 2.5 % Fines Soil Moisture 19.5 14.2 10.1 7.9 6.9 
IR: 232 mm/hr CIST (g) 43 a 112 a,b 87 a,b 64 a,b 36 a,b 
                
3 3.7% Fines Soil Moisture 19.5 17.1 12.2 9 8.2 
IR: 216 mm/hr CIST (g) 59 a,b 127 b 100 b,c 95 c,d 76 c 
                
4 6.2% Fines Soil Moisture 22.8 18.9 11.7 9 8.5 
IR: 137 mm/hr CIST (g) 49 a 113 a,b 100 b,c 78 b,c 61 b,c 
                
5 8.1% Fines Soil Moisture 26.2 18.8 13.3 10.7 9.6 
IR: 107 mm/hr CIST (g) 63 a,b 132 b 107 c,d 103 d 86 c 
                
6 11.6% Fines Soil Moisture 28 20.8 13.8 11.5 10.1 
IR: 29 mm/hr CIST (g) 85 b,c 157 c 149 e 132 e 126 d 
                
7 14.9% Fines Soil Moisture 31.3 23.8 15.5 12.2 11.4 
IR: 1.1 mm/hr CIST (g) 83 b,c 133 b 145 e 156 f 132 d 
                
8 15.9% Fines Soil Moisture 33.9 24.9 14.8 12.3 11.5 
IR: 0.3 mm/hr CIST (g) 61 a,b 100 a 118 d 129 e 130 d 
                
9 17.1% Fines Soil Moisture 29.4 22.1 16.7 14.1 13 
IR: 2.7 mm/hr CIST (g) 77 b,c 158 c 161 e 173 f,g 155 d,e 
                
10 18.2% Fines Soil Moisture 32.5 21.1 17.5 14.7 13.6 
IR: 11.2 mm/hr CIST (g) 92 c 173 c 184 f 186 g,h 164 e 
                
11 31.0% Fines Soil Moisture 29.8 27.7 21.7 17.2 14.1 
IR: 0.8 mm/hr CIST (g) 104 c 112 a,b 150 e 169 f,g 165 e 
                
12 42.6% Fines Soil Moisture 37.4 34.2 27.6 17.4 15.1 
IR: 0.1 mm/hr CIST (g) 98 c 126 b 150 e 200 h 199 f 
        
 
CIST             LSD (P = 0.05) 27 22 17 23 26 
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At each of the five different moisture states, there was a general trend to increasing CIST 
hardness with increasing rootzone fines content (Figure 3.3). When the rootzones were 
near saturation, mean hardness ranged from 43 g in a high-sand rootzone, to 104 g at a 
fines content of 31%. At FC, mean hardness ranged from 93 g in a high-sand treatment to 
173 g when fines content was 18.2%.  However, the trend to increasing hardness with 
increasing fines content was most evident when the rootzones were drier. When they were 
very dry, hardness ranged from 34 g on the high-sand rootzone, to 199 g for the rootzone 
with 42.6% fines content.   
 
Figure 3.3: CIST hardness v rootzone fines content in five moisture states 
 
The coefficient of determination (R2) of the relationship between rootzone fines content 
and CIST hardness was assessed at each moisture state. The relationship was strong when 
the rootzones were near saturation point (R2 = 0.71), although the range in hardness 
between rootzone treatments was limited (43 – 104 g). However, at Field Capacity there 
was no predictive relationship between fines content and hardness (R2 = 0.03). The R2 
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values increased to 0.46 when rootzones were slightly dry, and to 0.74 when they were in 
a dry state. When the rootzones were in a very dry state the linear R2 value increased to 
0.81, with a regression formula close to CIST g  =  4 (fines%) + 56, as shown in Figure 
3.4. A higher correlation was found with an exponential relationship (R2 = 0.92), where 
CIST g = 29.411(fines% 0.5376 ). It appears that the CIST value of a non-grassed rootzone in 
a droughted state can be reasonably well predicted from its fines content.   
 
Figure 3.4: Relationship between fines content and CIST hardness when rootzones are very dry  
 
When selecting a rootzone for a sand-based construction, materials with a fines content 
exceeding 20% would not be contemplated, as their infiltration rates would be well below 
a normally-recommended minimum. So the coefficient of determination was tested again, 
this time omitting the data from Treatments 11 and 12 (31% and 42.6% fines). This time, 
the linear relationship between rootzone fines and CIST hardness when very dry had an 
even higher coefficient of determination (R2 = 0.9458), with the formula: CIST g = 7.2 
(fines %) + 28.4, as shown in Figure 3.5.  
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So, again, it appears the fines content of a rootzone is a strong predictor of surface 
hardness when the profile is in a droughted state, remembering that this is in the absence 
of grasscover. If a CIST Gmax threshold of 150 g was selected for a field, the formula 
predicts that the maximum fines content of the rootzone should be 17.4%.  
 
Figure 3.5: Relationship between % fines and CIST values when the rootzones were in a very dry 
state, using data only in the 1.1 – 18.2% fines range 
 
It should be noted again that each of these treatments is merely a representative of its 
textural type, and individual rootzones will vary depending on particle shape and other 
factors. It would be extremely difficult, however, to routinely test rootzone samples using 
the method used in this experiment, due to the time required for natural drydown of the 
profile. The results here provide a guide to the sort of hardness values a rootzone would 
reach as soil moisture was depleted in the absence of grass cover.  
Figures 3.6 and 3.7 present the data in a different way to depict the change in CIST 
hardness of each rootzone treatment as it dries out. This demonstrates the transition from 
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‘sand’ hardness behaviour to ‘soil’ hardness behaviour as soil moisture is depleted. 
Typical sand behaviour is for the surface to be firmest (although never very hard) at or 
near Field Capacity, and be softest when dry, due to its poor stability. Treatments 1 – 5 
(1.1 – 8.1% fines) clearly show this behaviour. Treatments 6 - 8 (11.6 – 15.9% fines) 
show an intermediate behaviour, becoming harder (and to reasonably high levels) as they 
become drier, but usually losing a little of that hardness in the very dry state. Treatments 
9 – 12 (17.1% fines and higher) evince a more typical soil behaviour, becoming harder as 
they dry out, achieving very high hardness values, and maintaining that hardness even 
when very dry.  Although each treatment is only a representative of its textural type, the 
change from sand behaviour to soil behaviour seems to be in the range 11.6 - 15.9% fines, 
which compares quite neatly with the point where the soil textural classification system 
separates the textural class sand from the non-sand textural classes (USDA, 2012).  
 
Figure 3.6: Mean CIST hardness vs soil moisture content for twelve rootzone treatments  
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Figure 3.7 shows the transition between sand and non-sand behaviour more clearly, with 
several of the treatments removed. The rootzone with only 1.1% fines content has a low 
CIST value when near saturation, is firmest at FC, then becomes very soft again as it dries 
out. The rootzone with 6.2% fines shows a similar pattern of behaviour. In contrast, the 
rootzones with 18% or 43% fines become progressively harder as they dry out, and reach 
very high CIST hardness values when droughted.  Treatments 5 (8.1% fines) and 6 
(11.6% fines) look to offer a reasonable compromise in their agronomic and hardness 
behaviour. They maintain an infiltration rate after compaction of 107 mm/hr and 29 
mm/hr respectively, moisture holding capacities near FC of 18.8% and 20.8%, and avoid 
very high hardness or soft, unstable behaviour as they dry out.
 
Fig 3.7: Surface hardness v soil moisture interaction for a selection of six soil textural treatments.  
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The investigation then analysed shear strength behaviour. A two-way ANOVA with 
replication indicated there were significant differences in shear strength between soil 
textural treatments (P < 0.05), between the different moisture states (P < 0.05) and a 
significant interaction between soil textural and moisture state treatments (P < 0.05). One-
way ANOVAs were then conducted to compare the shear strength of the different soil 
textural treatments at each particular soil state.  
Table 3.3 presents the results of shear strength testing for each treatment. There is no 
published recommendation on minimum soil shear strengths for turf rootzones. From 
observation in this and other experiments, bare rootzones became unacceptably loose and 
unstable at shear strength values below approximately 25 kPa, so this is proposed as a 
minimum acceptable value. No maximum shear strength is proposed, as only the low 
shear strength values create stability problems. There was a general trend to increasing 
shear strength with increasing fines content.  However, when the treatments were near 
saturation or Field Capacity there were no significant differences in shear strength 
between rootzones in the range 1.1 – 18.2% fines, and all were below the proposed 
minimum of 25 kPa. When the treatments were slightly dry or dry, there was no 
significant difference in shear strength in rootzones in the range 1.1 – 11.6% fines, and all 
were unacceptably low. However, rootzones with 14.9% fines or more had significantly 
higher and acceptable shear strength at that stage of dryness. When the treatments were 
very dry, rootzones in the range 1.1 – 8.1% fines had unacceptably low shear strength, 
with no significant difference between them. However, there was a significant increase in 
shear strength with the 11.6% fines rootzone, which achieved an acceptable shear strength 
of 26 kPa. In short, rootzones with fines contents below 8.1% never achieved shear 
strength values of the proposed minimum of 25 kPa, regardless of the moisture status. 
The rootzone with a fines content of 11.6% only exceeded 25 kPa when it was very dry. 
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Table 3.3: Mean fines content, soil moisture content and shear strength of twelve rootzones when 
treatments were near saturated, at FC, slightly dry, dry and very dry. Shear strength values at any 
moisture status followed by the same superscript are not significantly different (P = 0.05). 
                
   Soil moisture status 
RZ % Fines Assessment  Sat. FC Sl. Dry Dry Very dry 
             
1 1.1% 
Soil Moisture (%) 17.5 13.8 10 7.6 6.3 
Shear strength (kPa) 9 a 11 a 9 a 8 a 3 a 
                
2 2.5% 
Soil Moisture (%) 19.5 14.2 10.1 7.9 6.9 
Shear strength (kPa) 11 a 12 a 9 a 7 a 5 a 
                
3 3.7% 
Soil Moisture (%) 19.5 17.1 12.2 9 8.2 
Shear strength (kPa) 11 a 14 a,b 11 a 10 a 9 a 
                
4 6.2% 
Soil Moisture (%) 22.8 18.9 11.7 9 8.5 
Shear strength (kPa) 12 a 15 a,b 12 a 9 a 9 a 
                
5 8.1% 
Soil Moisture (%) 26.2 18.8 13.3 10.7 9.6 
Shear strength (kPa) 13 a 19 a,b 15 a 15 a 13 a 
               
6 11.6% 
Soil Moisture (%) 28 20.8 13.8 11.5 10.1 
Shear strength (kPa) 12 a 19 a,b 22 a,b 23 a 26 b 
                
7 14.9% 
Soil Moisture (%) 31.3 23.8 15.5 12.2 11.4 
Shear strength (kPa) 16 a 26 b 34 b 51 b 48 c 
                
8 15.9% 
Soil Moisture (%) 33.9 24.9 14.8 12.3 11.5 
Shear strength (kPa) 17 a 41 c 52 c 67 b 77 d 
                
9 17.1% 
Soil Moisture (%) 29.4 22.1 16.7 14.1 13 
Shear strength (kPa) 18 a 50 c,d 60 c 88 c 81 d 
                
10 18.2% 
Soil Moisture (%) 32.5 21.1 17.5 14.7 13.6 
Shear strength (kPa) 21 a 62 d 80 d 102 d 104 e 
                
11 31.0% 
Soil Moisture (%) 29.8 27.7 21.7 17.2 14.1 
Shear strength (kPa) 39 b 55 d 120 e 120 e 120 f 
                
12 42.6% 
Soil Moisture (%) 37.4 34.2 27.6 17.4 15.1 
Shear strength (kPa) 57 c 120 e 120 e 120 e 120 f 
        
 
Shear 
strength LSD (P = 0.05) 12 13 15 17 12 
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Note that near saturation, the rootzones with 31% and 42.6% fines had moderate shear 
strength. On a trafficked, in situ football field such finely-textured soils would probably 
exhibit low shear strength when near saturation due to pugginess and disruption. 
However, these test pots were highly compacted but not puddled or disrupted, and so 
exhibited moderate shear strength (39 and 57 kPa) when near saturation. 
The coefficient of determination between rootzone fines content and shear strength was 
tested for the very dry state, omitting the data from Treatments 11 and 12 (31% and 
42.6% fines). As mentioned earlier, materials with a fines content exceeding 20% would 
not be considered for a sand-based construction. The linear relationship had a coefficient 
of determination of 0.86, with a formula: Shear strength kPa = 5.2672 (fines%) – 15.2. So if 
a minimum shear strength in drought was set at 25 kPa, the formula predicts that a 
minimum fines content of 17.7% would be required. A stronger coefficient of 
determination (R2 = 0.9841) was found for an exponential relationship (Figure 3.8).   
 
Figure 3.8: Relationship between % fines and shear strength when the rootzones were in a very 
dry state using data only in the 1.1 – 18.2% fines range 
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The exponential formula predicts that shear strength would fall below 25 kPa when 
rootzones with a fines content below 14.7% became very dry. This does overlap with the 
maximum of 17.4% fines content predicted to be needed to keep CIST hardness of a bare 
rootzone below 150 g. So it would appear that rootzones with a fines content above 
14.7% but below 17.4% could offer a surface that, when bare and very dry, maintains 
sufficient shear strength but doesn’t become excessively hard. However, rootzones within 
this range have very low infiltration rates. Table 3.1 and the Ksat formula proposed by 
Adams (Adams, 1981) both show that to provide even a minimal infiltration rate (e.g. 15 
– 30 mm/hr) the silt + clay content of a rootzone should be less than 10%. In practical 
terms, the infiltration rate will probably take precedence when selecting a rootzone for a 
new construction, so it appears inevitable that shear strength on these rootzones will be 
sub-optimal and susceptible to gouging and disruption if turf cover is lost. Even at FC, 
rootzones with these minimal, but perhaps adequate, infiltration rate values will still 
exhibit low shear strength if turf cover is lost.  
In short, there is no suitable fines content that will provide adequate infiltration rate, yet 
avoid the gouging that might occur if turf coverage was lost. The design process for a 
specific field construction must decide on the order of priority between these 
contradictory behaviours when specifying the most suitable rootzone fines content. A 
rootzone that provides acceptable infiltration rate will, at least, not become excessively 
hard when droughted and/or bare.  
Figure 3.9 shows clearly that the change from ‘sand’ behaviour to ‘non-sand’ behaviour 
in shear strength appeared to be within the range 11.6 – 14.9% fines content. Treatment 6 
(11.6% fines) appears too susceptible to the problems of low stability at any moisture 
state. Treatment 7 (14.9% fines) offers acceptable shear strength when dry, and shear 
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strength increases as the rootzone becomes drier. Once again, the change from sand to 
non-sand behaviour agrees with the soil textural classification system (USDA, 2012).  
 
Figure 3.9: Mean shear strength vs soil moisture content for twelve rootzone treatments  
 
Conclusions 
While each treatment is only a representative of a soil textural type, and the behaviour of 
an individual rootzone cannot be fully predicted from its fines or clay + silt content, these 
data shed light on the relationship between soil texture, soil moisture status, surface 
hardness and shear strength in the absence of grass coverage. Construction of a football 
field with a sand profile can eliminate the problem of excessive hardness, even if the field 
was droughted. The empirical hardness data indicated that rootzones with a fines content 
up to 15.9% avoided excessive CIST values (in excess of 150 g) even when extremely 
dry. The regression formula predicted values up to 17.4% would keep hardness below 150 
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g when very dry. Rootzones with a fines content above 14.7% could avoid excessively 
low shear strength, so there is a small window of overlap to satisfy both conditions.  
However, in such constructions, drainage is usually of higher priority than shear strength, 
and rootzone clay + silt content needs to be below 10% to achieve a reasonable 
infiltration rate. The evidence in this experiment shows that, in the absence of grass 
biomass, rootzones with sufficient infiltration rate will exhibit low shear strength across 
the full spectrum of moisture states, and will be susceptible to problems with instability if 
turf biomass is absent. Treatment 6, with a fines content of 11.6% (clay + silt content 
9.7%), was the closest to a compromise. It had an infiltration rate of 29 mm/hr and a 
volumetric moisture retention (at FC) of 20.8%. It did not reach excessively high hardness 
levels even when droughted, and although its shear strength was less than ideal, it was not 
at the extremely low levels found on sands with lower fines content.  
There were four different indications of the shift from sand to non-sand behaviour, which 
occurred at the 11.6% fines content (9.7% clay + silt content) of Treatment 6. First, 
infiltration rate (after compaction) dropped dramatically at that point, from 29 mm/hr 
(11.6% fines) to 1.1 mm/hr (14.9% fines). This was in agreement with Adams’ (1981) 
research in this area. Second, there was a shift in the pattern of hardness behaviour as 
rootzones dried out. As the 11.6% fines rootzone dried out it got softer, but as the 14.9% 
fines rootzone dried out it got harder (although it falls again at the end, when very dry). 
Third, rootzones with 11.6% fines or less never reached acceptable shear values and shear 
values fell as the rootzone became drier than FC, whereas rootzones with 14.9% fines or 
more had higher shear values, and those values increased as the rootzone dried. Finally, as 
mentioned earlier, these values are in accord with the soil textural classification system 
(USDA, 2012), where the boundary between sand and non-sand is set in the range 10-
15% clay + silt.   
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Question 2: Can the laboratory testing of turf rootzones be modified to 
include a CIST hardness reading, and would this be useful?  
 
Rationale 
The USGA laboratory analyses of putting green rootzones include particle size 
distribution, bulk density, porosity, moisture retention and Ksat. The USGA adapted 
conventional geotechnical tests to make them predictive and relevant to golf green 
performance, and have continued to fund research to improve these tests. But hardness 
and soil shear strength are not major issues on golf greens, and the USGA tests do not 
address them. Researchers have attempted to include other geotechnical tests with 
potential relevance to football fields, such as a bearing ratio test (Henderson, Crum, Wolff 
& Rogers, 2000), but no formal test methodology or recommendations exist.  The field 
and laboratory tests conducted in the previous experiment appeared to be predictive and 
relevant, but the time taken to allow natural drying in the sun and wind was overly long. 
An attempt to dry out some of these test rootzone pots in a 40oC oven resulted in drying 
of only the surface 25mm or so, leaving the deeper profile unaffected even after seven 
days in the oven, so this technique did not appear suitable. It is possible that the USGA 
rootzone tests could be modified to allow a CIST hardness test on laboratory samples 
following compaction, but it is not known if this would be useful. A larger surface area of 
test sample would be required, as the USGA sample size is usually only 51mm in 
diameter, and their standard test method and compaction equipment would probably not 
accommodate a CIST test. The aim of this experiment was to determine if a CIST 
hardness test could be incorporated into turf rootzone laboratory testing, and establish if 
such a test would be predictive and relevant to the behaviour of rootzones in the field.   
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Materials and methods 
This experiment tested four replicate samples of fourteen different rootzone textural 
treatments in the laboratory. The different textural treatments were prepared for a field 
plot trial, which is the subject of Question 3, to follow in this chapter. A washed medium 
sand (1% fines content) was blended in various ratios with a clay-loam (44% fines 
content) to create twelve more treatment rootzones within the range 1 – 20% fines. 
Blending ratios were calculated by the formula detailed by Baker (1985), with the 
exception that the materials were measured by volume rather than by Baker’s method of 
by dry weight. It should be noted that the blends were created from only two components, 
a sand and a clay, unlike the previous experiment where many of the treatments were 
natural pit sands, or the blends were created by mixing two materials with not radically 
different fines content. The fourteen soil textural treatments were blended in a cement 
mixer for use in field plots (see next experiment), with each of the 56 plots requiring a 
160 litre batch. Each 160 L batch was amended with 8 kg Dolomite lime, 30 g of a 
soluble NPK fertilizer, and 1.5 kg of Australian Turf Grade zeolite. A representative 5 L 
sample of each of the 56 batches was stored for the laboratory tests of this experiment.  
The USGA test method usually uses a 51 mm diameter x 76 mm deep uPVC sample tube 
with a fine mesh base (Hummel, 1993). This experiment modified this method by using a 
76 mm diameter x 365 mm deep uPVC sample tube fitted with a bottom cap with 1 mm 
diameter drainage holes. The 365 mm uPVC tube consisted of three parts, a 215 mm base 
section with an end cap and drainage holes, a 100 mm middle ‘test’ section with an 
internal volume of 453 cm3, and a 50 mm top section. The three sections were taped 
together with masking tape and could be untaped when required. The density and porosity 
measurements were done on the 100 mm middle test section after the compaction and Ksat 
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tests had been completed. Each sample tube was built as a simulated three layer USGA-
type construction, with a 20 mm deep gravel layer (D50 2.8 mm) at the bottom of the tube, 
then a 20 mm deep coarse sand (D50 0.8 mm) choker layer, followed by a 300 mm 
rootzone sample depth. This simulated profile develops a perched water table, as it would 
in the field. This test method is a modification of the USGA laboratory method, and has 
been used effectively for many years when teaching turf management students in soil 
physics and greens construction principles. It derives the same parameters as the USGA 
tests; soil density, total, capillary and non-capillary porosity and Ksat.  
Each 300 mm rootzone sample was installed in a damp state and consolidated by tapping 
on the side of the tube with a rod and tapping the tube on the ground during the filling 
process, and applying two drops of a 75 mm diameter hammer. The consolidation process 
was uniform for each sample. The tubes were then saturated from the bottom up by 
placing them in a 300 mm depth of water for a period of one hour. The saturated profiles 
were then allowed to drain for 48 hours to near Field Capacity before the next phase. 
Although not drained specifically to 40 cm suction, as would be achieved on a suction 
table, gravitational drainage of excess water had been completed. Previous experience 
with this method showed that the perched water table in these profiles can take well over 
24 hours to drain excess water and reach a relatively steady moisture content.  
Once drained to near FC, the sample surfaces were compacted by fifteen drops of a 2.947 
kg x 75 mm diameter steel weight from a drop height of 31.7 cm. This delivered a total of 
3.03 J/cm2 dynamic energy, as per USGA method (Hummel, 1993). The compaction 
treatment lowered the soil depth in the tube, requiring a small amount of topping up. The 
aim was for the compacted rootzone surface to finish 25 mm below the uPVC tube rim. 
Following compaction, and while still at Field Capacity, surface hardness was measured 
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by a single CIST test (2.25kg x 45.7 cm, 1st drop). This caused only a slight disturbance to 
the surface.  
The tubes were then re-saturated by placing them in a 300 mm depth of water for a period 
of one hour. After removing them from the 300 mm water depth, they were placed on a 
concrete surface and kept saturated for a further four hours by maintaining a constant 
head of free water on the surface, using adjustable irrigation drippers. Hydraulic 
Conductivity (Ksat) was determined by the constant head method described by Hummel 
(1993). After four hours of watering from the drippers, a funnel and collection beaker was 
placed under the rootzone column with the shallow constant head still present, and the 
volume of water conducted through the sample tubes collected over a 30 minute period. 
Water temperature was measured to adjust for viscosity, and the formula detailed by 
Hummel (1993) was used to calculate Hydraulic Conductivity (Ksat).  
The samples were then allowed to drain again for 48 hours to near FC. The 100 mm long 
(453 cm3 volume) middle test section of the sample column was then untaped and the 
rootzone contained within removed and weighed. This sample was then oven dried for 24 
hrs at105oC and reweighed. Soil bulk density and total, non-capillary and capillary 
porosity (volumetric moisture retention) were calculated for each sample. Wet sieve 
analysis for fines content (particles < 100 μm) was also conducted on each sample, by 
weight loss of an oven dried sample washed through a 100 µm sieve.  
The mean fines content, Ksat and porosity of each treatment was tabulated to characterise 
each treatment. CIST values were subjected to a one-way ANOVA to test for significant 
differences between treatments.  
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Results and discussion 
Adding a CIST hardness test to the laboratory testing was logistically feasible, but the 
results did not appear to be of any real value. Table 3.4 shows the mean fines content and 
porosity values for each rootzone treatment, as well as the mean CIST value on the 
laboratory sample at Field Capacity. One-way ANOVA indicated that there were 
significant differences in hardness between rootzone treatments. However, Treatment14 
(the clay-loam) did not appear to have drained to Field Capacity, either because 48 hrs 
drainage was insufficient time (its Ksat was 0 mm/hr), or due to the influence of a high 
capillary fringe in the sample tube. With this anomalous treatment removed, the one-way 
ANOVA showed no significant difference in CIST hardness between treatments.  
Table 3.4: Mean fines content, hardness and physical characteristics of 14 rootzone treatments.  
              
Treatment % CIST Ksat Total Capillary Non-capillary 
  Fines value (g) (mm/hr) Porosity (%) Porosity (%) Porosity (%) 
1 1.0 154  548 39.3 12.4 26.9 
2 1.6 143  467 38.3 14.1 24.2 
3 1.9 154  362 37.5 14.7 22.8 
4 2.4 141  352 38.6 15.2 23.4 
5 3.6 145  362 37.3 14.8 22.5 
6 5.5 159  335 36.3 15.6 20.7 
7 7.2 143  364 37.2 15.4 21.8 
8 9.2 145  346 37.9 15.9 22.0 
9 10.4 146  263 35.9 16.4 19.5 
10 11.2 137  286 37.6 16.5 21.1 
11 11.5 145  327 36.5 16.4 20.1 
12 14.5 151  115 34.6 18.1 16.5 
13 16.7 144  17 32.2 23.6 8.6 
14 44.2 50  0 34.3 30.9 3.4 
 
A high-sand rootzone was just as likely to have CIST hardness around 150 g at Field 
Capacity as a rootzone with 10% or 15% fines. This finding was consistent with the 
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previous experiment, and not inconsistent with the conclusions of several authors (e.g. 
Dest, Ebdon & Guillard, 2009; Guisasola, James, Stiles & Dixon, 2010; Follis et al., 
2008; Follis et al., 2009) that, at Field Capacity, sands can be as hard or even harder 
(stiffer) than rootzones with a finer texture.  
If the potential hardness of a bare rootzone in drought needs to be determined, then it 
appears empirical tests similar to those in the previous experiment (Question 1) are 
needed. As an approximation, the formula CIST g = 7.2 (fines %) + 28.4, as determined in 
the previous experiment, could be used.  
 
Conclusion  
At Field Capacity, there was no significant difference in surface hardness of rootzones 
across a wide range of fines contents. CIST tests on a laboratory rootzone sample at Field 
Capacity are feasible, but are not predictive of the potential hardness of a bare rootzone in 
the field under drought conditions.   
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Question 3: How does grass coverage affect the surface hardness and 
shear strength of various rootzones? 
 
Rationale 
The first experiment in this chapter tested various rootzone treatments in sample tubes to 
investigate the relationship between soil fines content, soil moisture content (especially 
when droughted), and hardness and shear strength behaviour. However, the pots in that 
experiment were not grassed. Turfgrass cover can reduce surface hardness, especially on 
loam and clay soils (Rogers, Waddington & Harper, 1988; Shields & Smith, 2009; Sifers 
& Beard, 1997; Theobold et al, 2010). The presence of turfgrass stolons and rhizomes can 
also improve the stability of sand (Peart, 2011). If turfgrass coverage can compensate for 
high hardness or low shear strength in droughted rootzones, then the influence of soil 
textural type on those properties might not be so important. The aim of this experiment 
was to repeat the tests of hardness and shear strength behaviour on a range of soil textural 
types at different moisture states, but this time to compare that behaviour with and 
without turfgrass coverage.  
Materials and Methods 
A field plot was established to assess hardness behaviour of fourteen rootzone treatments 
with fines contents ranging from 1% to 44%. Timber plinth was used to create separate 
1m x 1m x 150 mm deep treatment plots, as shown in Figure 3.10. There were four 
replicates of each treatment, designed as a randomised complete block design with a total 
of 56 separate plots. The plot area overlay a well-structured Ferrosol clay-loam (Isbell, 
2002) with pH of 6.0 and a saturated field infiltration rate of 65 mm/hr.  
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Figure 3.10: Timber plinth arrangement for the construction of field plots overlying a clay-loam 
 
 
Figure 3.11: Completed plots covered with plastic sheet, and samples bagged for laboratory tests 
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Treatment rootzones were created by blending a washed medium sand (1% fines content) 
in various ratios with a clay-loam (44% fines content) to create rootzones with a range of 
fines contents, especially in a target area between 1 – 20%. Rootzone blending used the 
method detailed by Baker (1985), with the exception that the materials were measured by 
volume rather than by dry weight. The components were thoroughly blended in a cement 
mixer. Each separate plot required a batch of 160 litres of material. Each batch was 
amended with 8 kg Dolomite lime, 30 g of a soluble NPK fertilizer and 1.5 kg of 
Australian Turf Grade zeolite. As each treatment batch was completed it was immediately 
installed into its plot and consolidated by a metal plate rammer, then covered with plastic 
sheet to prevent wind erosion and cross contamination (Figure 3.11). Samples of each 
batch were bagged for laboratory tests, as were reported in the previous experiment.  
Blending and installation was completed on 23rd February 2010 and washed sod of hybrid 
couchgrass (‘Santa Ana’) was laid and the area irrigated as required for successful 
establishment. Routine fertilizer application and mowing at 30 mm height was carried out 
to maintain the turf in high quality and vigour. The couchgrass was dormant in the period 
May until October 2010.   
In November 2010 a 450 mm wide strip on each of the 56 treatment plots was sodcut and 
the turf removed to split the plots into ‘with grass’ and ‘without grass’ subplots. In the 
following two months, couchgrass regrowth in the ‘without grass’ sub-plots was 
controlled by glyphosate application to ensure a complete absence of above or below-
ground biomass.  
CIST hardness, shear strength and soil moisture of each plot were tested at three moisture 
states, with the soil near saturation, near Field Capacity, and when very dry. Hardness 
was measured by CIST (2.25kg x 45.7 cm, 1st drop). Shear strength was measured using a 
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Field Inspection Shear Vane Tester with 20 mm wide x 40 mm deep vanes. Volumetric 
soil moisture was assessed by Theta probe. Tests were conducted on 11th January 2011, 
during a period of steady rainfall when the profiles were near saturation. One day after 
rainfall had stopped (16th January 2011) another set of tests were conducted when the 
plots were near Field Capacity. After another week of hot, drying weather and without 
rain (23rd Jan 2011), a final set of soil moisture, hardness and shear strength 
measurements were taken when the soil was droughted.  
For each rootzone moisture state, CIST hardness and shear strength values were subjected 
to paired t tests between the ‘with grass’ and ‘without grass’ sub-plots of each treatment, 
and least significant difference values were calculated for each t test at an alpha level of 
0.05, using the formula: LSD  =  t n-1  *  (SE2 with grass + SE2 without) 0.5 
 
Results and Discussion: CIST hardness 
Couchgrass coverage was at 100% in all ‘with grass’ subplots, and subjectively assessed 
as being of high quality and vigour. There was no above-ground or below-ground 
biomass present in the ‘without grass’ sub-plots.  
The results of laboratory tests on each treatment were tabulated in the previous 
experiment (Table 3.4, p 177) if the reader wishes to refer back to the Ksat or porosity 
values of any of the treatments. The fines content of each treatment was not exactly as 
predicted by the blending formula, probably because the method of blending by volume 
may be less accurate than blending by dry weight, and also because the batch sizes were 
so large, at 160 litres. Creating blends from two such disparate materials (all blends were 
created by mixing Treatment 1, a pure sand, with Treatment 14, a clay-loam) may also 
have contributed to the inaccuracy of the blending. For future studies, blending more 
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closely allied materials might create more natural treatments. It was decided to only 
analyse data from the nine most uniform treatments (Treatments 1, 3, 5, 6, 8, 9, 12, 13 
and 14), and eliminate data from the treatments with high variability in fines content 
(Treatments 2, 4, 7, 10 and 11). Tables 3.5 - 3.7 show soil moisture and hardness data, 
with and without grass, for rootzone treatments at three moisture states, during light rain 
(near saturation), near Field Capacity, and when the soil was droughted. Although the 
CIST hardness data are the main focus on each table, the soil moisture data are included 
to show the actual moisture content for each treatment.  
Table 3.5: Soil moisture and CIST hardness of nine rootzones near saturation. For each treatment,  
with or without grass, CIST values with the same letter superscript are not significantly different.  
                  
Near Saturation  Soil moisture (% v/v)  CIST hardness (g) LSD 
Treatment % Fines  
With 
grass 
Without 
grass  
With 
grass 
Without 
grass (P = 0.05) 
1 1.0  15.2 15.1  57 
b 33 a 10 
3 1.9  18.9 18.7  56 
b 49 a 6 
5 3.6  18.3 21.5  62 
b 39 a 7 
6 5.5  17.0 18.6  59 
b 40 a 7 
8 9.2  19.9 19.0  61 
b 51 a 2 
9 10.4  21.4 20.7  60 
b 49 a 4 
12 14.5  23.0 22.0  68 
b 55 a 7 
13 16.7  26.3 23.5  63 
b 51 a 5 
14 44.2   38.4 39.7   56 a 58 a 8 
 
When the profiles were near saturation (Table 3.5), all rootzones had CIST hardness 
values significantly higher with grass than without grass, with the exception of Treatment 
14 (the clay-loam).  The presence of grass maintained surface hardness on all the rootzone 
treatments at or around 60 gravities, which is considered near optimum for football 
(Chivers, 2008).  
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When the rootzones were near Field Capacity (Table 3.6) the CIST hardness values from 
the bare rootzone field plots were much lower than the hardness results from their 
samples tested in the laboratory (data presented in the previous experiment in Table 3.4). 
This is probably because the laboratory tests involved a higher rate of compaction 
compared to the field plots, and were tested for hardness immediately after the 
compaction treatment.  
With the exception of Treatment 14 (the clay-loam), when the plots were at Field 
Capacity the surface hardness on each treatment was unacceptably low for football in the 
absence of grass. The surface hardness of each rootzone treatment was significantly 
higher with grass compared to without grass, and closer to the optimum of 60 g for 
football (Chivers, 2008).  
Table 3.6: Soil moisture and CIST hardness of nine rootzones near Field Capacity. For each 
treatment,  with or without grass, CIST values with the same letter superscript are not 
significantly different.  
                  
Near Field Capacity  Soil moisture (% v/v)  CIST hardness (g) LSD 
Treatment % Fines  
With 
grass 
Without 
grass  
With 
grass 
Without 
grass (P = 0.05) 
1 1.0  15.4 11.2  51 
b 28 a 6 
3 1.9  17.5 13.3  48 
b 26 a 8 
5 3.6  16.6 13.6  52 
b 32 a 7 
6 5.5  17.9 13.4  48 
b 30 a 8 
8 9.2  18.0 13.9  53 
b 33 a 9 
9 10.4  18.0 14.6  52 
b 28 a 7 
12 14.5  19.2 17.2  54 
b 44 a 9 
13 16.7  21.8 19.6  57 
b 43 a 7 
14 44.2   39.4 38.4   52 a 55 a 13 
 
The presence of grass also increased the soil moisture values of each treatment compared 
to without grass. Thatch holds around 35% moisture by volume (Hurto, Turgeon & 
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Spomer, 1980), which is higher than most soils. As the Theta probe measures moisture as 
an average over the depth of its probes (60 mm), the 12 mm thatch layer that was present 
would increase moisture readings by amounts consistent with those shown.  
When the profiles were very dry (Table 3.7), the presence of grass cover maintained 
hardness within an acceptable range (68 – 104 g) across the full range of rootzone textural 
types.  
Table 3.7: Soil moisture and CIST hardness of nine rootzones when droughted. For each 
treatment,  with or without grass, CIST values with the same letter superscript are not 
significantly different.  
                  
Very dry  Soil moisture (% v/v)  CIST hardness (g) LSD 
Treatment % Fines  
With 
grass 
Without 
grass  
With 
grass 
Without 
grass (P = 0.05) 
1 1.0  6.1 4.3  68 
b 29 a 11 
3 1.9  7.1 4.5  81 
b 59 a 15 
5 3.6  6.4 4.7  82 
b 69 a 11 
6 5.5  7.6 5.2  86 
a 79 a 17 
8 9.2  7.0 5.0  97 
a 87 a 17 
9 10.4  7.4 5.0  96 
a 95 a 13 
12 14.5  7.6 5.6  98 
a 134 b 24 
13 16.7  10.1 7.5  97 
a 141 b 35 
14 44.2   14.9 12.2   104 a 148 b 22 
 
In the absence of grass, the clean sand rootzone (1.0% fines) had unacceptably low 
surface hardness (29 g), significantly lower than the hardness of that sand with turf cover 
(68 g). Surface hardness was significantly lower without grass in Treatments 1 – 3, with 
the lowest fines contents, compared to with grass. There was no significant difference in 
hardness with or without grass for Treatments 6 – 9. However, in Treatments 12 – 14, 
hardness was significantly higher without grass compared to with grass cover, and was at 
higher values than desirable.  
186 
 
The hardness effect of the presence of grass on very dry profiles is well illustrated in 
Figure 3.12, which graphs rootzone fines content against CIST hardness, with or without 
turfgrass coverage, when the rootzones were droughted. Grass coverage moderated 
hardness in drought, increasing it from unacceptably low levels in very sandy rootzones, 
and reducing it from unacceptably high levels on finely textured rootzones. The CIST 
hardness of all textural treatments was within the range 69 – 104 g when grass was 
present, compared to a range of 29 – 148 g when grass was not present.  
 
 
Fig 3.12: CIST hardness vs rootzone fines content when the profile was in a droughted state. An 
acceptable range of hardness (30 – 120 g) is indicated, as proposed by Chivers and Aldous (2003).  
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Results and discussion: Shear strength 
Shear strength results with and without grass cover at Field Capacity are presented in 
Table 3.8. Without grass, Treatments 1 – 13 all had low shear strength, and only 
Treatment 14 exceeded the suggested minimum of 25 kPa. Grass coverage significantly 
increased shear strength in several treatments, although the variability in shear strength 
values between replicates when grass was present resulted in high LSD values.  
Table 3.8: Shear strength of nine rootzones near Field Capacity.  For each treatment,  with or 
without grass, shear values with the same letter superscript are not significantly different.  
Near Field Capacity Shear strength (kPa) LSD  
Treatment % Fines With grass Without grass (P = 0.05) 
1 1.0 24 b 12 a 3 
3 1.9 11 a 9 a 7 
5 3.6 30 b 11 a 16 
6 5.5 13 a 11 a 25 
8 9.2 33 b 10 a 20 
9 10.4 42 b 13 a 17 
12 14.5 28 a 17 a 20 
13 16.7 36 b 21 a 9 
14 44.2 65 a 61 a 30 
 
The nature of the test device was the most probable cause of the variability and high LSD 
values. In some tests on grassed plots, the shear vanes completely pushed through the 
grass layer and recorded low values. In other tests the shear vanes were caught up in the 
grass layer and recorded high values. It is apparent that the shear vane tester is not 
suitable for assessing shear strength when turfgrass is present. Despite this problem, the 
general conclusion is that shear strength was higher with grass than without, and in some 
cases (Treatments 1, 5, 8, 9 and 13) shear strength was significantly higher in that 
rootzone with grass compared to without grass.  
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Table 3.9 shows shear strength data when the profiles were droughted. Without grass, 
Treatments 1, 3 and 5 had unacceptably low shear strength.  The presence of grass 
increased shear strength, but the increase was only significant for Treatment 1. 
Treatments 6 – 13 had acceptable shear strength even without grass, and while the 
presence of grass appeared to increase their shear strength, the differences were not 
significant for any of these treatments. Treatment 14 (clay-loam) had shear strength 
values exceeding the maximum provided by the instrument with those vanes (120 kPa).  
Table 3.9: Shear strength of nine rootzones when droughted.  For each treatment,  with or without 
grass, shear values with the same letter superscript are not significantly different.  
Very dry Shear strength (kPa) LSD  
Treatment %  Fines With grass Without grass (P=0.05) 
1 1.0 14 b 7 a 5 
3 1.9 17 a 10 a 12 
5 3.6 27 a 20 a 14 
6 5.5 25 a 29 a 19 
8 9.2 34 a 30 a 18 
9 10.4 46 a 39 a 27 
12 14.5 55 a 37 a 25 
13 16.7 66 a 72 a 15 
14 44.2 120 120  - 
 
The presence of grass caused a trend to increased shear strength for many treatments, but 
the differences were usually not significant because of high LSD values, due to the high 
variability of shear strength readings when grass was present.  
 
Conclusions   
Various reports in the literature have noted the effect of grass coverage in moderating 
hardness (Rogers, Waddington & Harper, 1988; Shields & Smith, 2009; Sifers & Beard, 
1997; Theobold et al, 2010) or in avoiding problems from the lack of shear strength of 
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sand rootzones (Peart, 2011). This is the first trial that has studied the effect in a 
droughted profile. It found that grass coverage moderated soil hardness on many rootzone 
types. When rootzones were near saturated, grass coverage increased hardness from 
unacceptably low levels to acceptable levels. The effect on droughted rootzones was of 
even greater importance. When rootzones were very dry, turfgrass coverage increased 
hardness from unacceptably low levels in very sandy rootzones, and reduced it from 
unacceptably high levels on finely textured rootzones.  
The effect on shear strength was not as consistent, due to the unsuitability of the shear 
vane tester when grass cover was present. However, it also appeared that turfgrass 
coverage improved shear strength in sand rootzones, compared to those rootzones when 
bare.  
The key finding of CIST hardness moderation from turfgrass coverage requires 
verification in a more realistic field situation, similar to that experienced in community-
level football during drought. An opportunity arose to test the findings on the University 
of Ballarat sports oval. The opportunity was also used to test the effect of preventative 
aeration on surface hardness.   
190 
 
Question 4: Can turfgrass coverage or soil aeration prevent excessive 
hardness on a severely droughted, compacted, clay-based sports oval? 
 
Rationale 
On non-sand sportsgrounds where adequate irrigation is not available, surface hardness 
can increase to unacceptably high levels. Anecdotal evidence suggests that mechanical 
soil aeration can reduce surface hardness (J. Hull, pers. commun., 2013; M. Robinson, 
pers. commun., 2010). Several machines are available for the purpose, using either solid 
tines, hollow tines, slicing blades or vibrating blades. Tine aeration is enhanced if there is 
a shattering effect, which can be achieved if the tines exert a lifting movement as part of 
their action, similar to the action of a garden fork when the tines are levered back to break 
up the profile. Shattering will best occur if the profile is dry, but this is hard on equipment 
so the aeration task is often done or recommended to be done on relatively moist soils. 
There is very little information regarding the efficacy and longevity of such mechanical 
aeration methods in reducing or preventing excessive hardness. One aim of this 
experiment was to quantify the effect on surface hardness of a programmed tine aeration 
on a compacted clay profile.   
The second aim was to examine the effect of turfgrass coverage on hardness on an actual 
sportsfield. The literature contains few reports on the specific effect of grass coverage on 
surface hardness (e.g. Rogers, Waddington & Harper, 1988; Shields & Smith, 2009; 
Sifers & Beard, 1997; Theobold et al, 2010), which is surprising given that turfgrass 
coverage is such a fundamental factor in the performance (Canaway, 1983) and players’ 
perception of the quality of a football field (Bell & Holmes, 1988). Furthermore, the 
literature contains no previous reports on the effect of turfgrass coverage on hardness in 
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drought conditions. The previous experiment showed that, in trial plots, turfgrass 
coverage greatly moderated hardness across a wide range of soil textural types and 
moisture contents, compared to plots that were bare. Most importantly, turfgrass coverage 
prevented the very high hardness levels seen in finely-textured soils that were severely 
droughted. Potentially, the presence of adequate turfgrass cover could reduce surface 
hardness to the extent that more community- level fields would be assessed as fit for play, 
even when droughted. The previous experiment was a plot trial, however, and it was 
essential to test the findings in a more realistic setting. As noted previously, the second 
aim of this experiment was to test the effect of turfgrass coverage on the surface hardness 
of a clay-based sports oval as it experienced drought.       
Materials and methods 
A section of sports oval at the University of Ballarat was used for the trial work. As the 
trial would necessarily involve denuding certain plots of their turfgrass coverage and 
withholding irrigation through a considerable period, suitable in situ trial areas were not 
easy to find. Ideally, each variable would be trialled separately to isolate its effect on 
hardness, but due to the limited options in finding suitable trial sites, it was decided to 
trial both effects on the one set of plots. There were four treatments (with grass/with 
aeration, with grass/without aeration, without grass/with aeration, without grass/without 
aeration), with five replicates of each in a randomized, complete block design.  
In January 2010 a 40 m long x 1.2 m wide strip was killed by glyphosate application and 
shallow sodcut and stripped to a depth of approximately 15 mm. Washed couchgrass sod 
(‘Santa Ana’) was laid on this strip, and irrigated as required to ensure successful 
establishment. This strip constituted the ‘with-grass’ treatment. Due to an unusually wet 
summer of 2010/2011, further progress in the trial was deferred until summer 2011/2012.  
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In September 2011 a 1.2 m wide strip of the grass immediately adjacent and parallel to 
the with-grass strip was killed by glyphosate application and the dead surface skinned by 
shallow sodcutting and stripping of the surface biomass. That strip was kept bare by 
glyphosate application over the following seven month trial period, and constituted the 
‘without-grass’ treatment. Both strips were compacted on two occasions following 
rainfall with a pedestrian vibrating plate. The two parallel treatment strips (with and 
without-grass) were divided into five replicate plots of 4 metres width. Each replicate was 
then split into two subplots to test the efficacy of a scheduled aeration treatment on CIST 
hardness and soil moisture. The aeration treatment was performed on 3rd November 2011, 
and consisted of a single pass with a tractor-mounted 1.7 m wide solid-tine aerator 
(Vertidrain™) fitted with 16 mm diameter solid tines, penetrating to a depth of 200mm at 
a rake angle of 2o. The no-aeration plots were passed with the tractor only, without the 
aerator lowered into the soil. The soil was at or close to Field Capacity at the time of 
aeration to simulate the normal practice of a programmed aeration into moist soil.  
During the eighteen-week assessment period that followed, traffic on the area was limited 
to weekly mowing at 25mm with a tractor mounted rotary mower, and irrigation was 
withheld. A representative soil sample was analysed for clay + silt and fines content by 
wet sieve analysis. Field infiltration rate at saturation was tested using a falling head 
infiltrometer. The area had adequate surface drainage provided by a 1 – 1.2% surface fall 
across the proposed plot area, and surface puddling was not evident during rainfall events.  
Surface hardness and soil moisture assessments began immediately before the aeration 
treatment, on 3rd November 2011 (Week 1), and were conducted at the same time each 
week through the summer months, until 1st March 2012 (Week 18). Hardness was 
measured by CIST (2.25 kg x 45.7 cm, 1st drop). Three individual hardness subsample 
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tests were conducted per plot on randomly chosen locations at least 30cm from the edge, 
and the average used to represent the CIST value for that replicate. At the same time, soil 
moisture was measured using a Theta probe inserted to its full depth in the exact location 
of each CIST hammer drop. In late summer, soil moisture was so low in some plots and 
surface hardness so high that it was not practicable to insert the Theta probe, in which 
case soil moisture was listed as < 3% (the lowest actual Theta probe reading taken).  
Rainfall totals for each week were sourced from the nearest Bureau of Meteorology site.  
CIST hardness values for each treatment for each week were subjected to a two-way 
ANOVA test with replication. Where significant differences between treatments and a 
significant interaction between CIST hardness and treatments were evident, two-way 
ANOVAs were undertaken to test for hardness differences between the four treatments on 
a week-by-week basis. Where ANOVAs indicated significant differences between 
treatments, least significant difference values were calculated at an alpha level of 0.05, 
using the formula LSD = t error df * (2 * MS error /  n reps) 0.5 (Sokal & Rohlf, 1995). The 
same statistical analysis were conducted on the soil moisture data.  
The 18 week monitoring period was concluded in early March by a rainfall event. In late 
March 2012, however, soil moisture had again been depleted and hardness values on the 
bare plots were again over 150 g. The five replicate without grass/without aeration plots 
were used in a simple trial to quantify the effect of manual aeration. CIST hardness and 
Theta probe soil moisture levels were measured in each plot. A garden fork was then used 
to manually aerate and shatter the soil profile, and CIST hardness measured again on each 
plot. Hardness means before and after aeration were compared by paired t-test, and a least 
significant difference value calculated at an alpha level of 0.05.  
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Results and discussion 
The soil type had 51 % clay + silt content and 55% total fines content. The saturated 
infiltration rate in the field was 0 mm/hr.  
Effect of curative aeration by manual forking 
Although measured at the end of the experiment, it is more informative to first look at the 
effect of aeration achieved by manual forking when the profile was dry. Soil moisture 
levels were uniform across the plots, with a mean of 11%, CI 95% ± 1%. The forking 
treatment resulted in visible shattering and crumbling of the top 100 mm or so of profile 
and significantly reduced mean CIST hardness from 165 g (untreated) to 54 g in the 
manually forked plots (LSD = 9 g). The conclusion was that a mechanical aeration 
treatment could significantly reduce surface hardness if the treatment was applied to dry 
soil and achieved a shattering effect.  
Effect of grass coverage and preventative aeration 
The without-grass plots had no above or below-ground biomass throughout the 
assessment period. Some cracking was evident under severe drought stress (Figure 3.13 
and 3.14). The with-grass strip had 100% coverage of couchgrass through that period. 
When soil moisture fell below 10% in Week 12 – 17, grass growth was noticeably 
reduced and there was some loss of green colour, but the sward was intact and retained 
100% coverage and survival. Unlike the manual forking treatment discussed above, the 
Vertidrain aeration treatment in the main part of this experiment was done preventatively, 
when the soil was near Field Capacity. The tines penetrated easily but there was no sign 
of the profile lifting or shattering during the treatment. The resulting tine holes were 
visible on the bare plots right through the assessment period (Figure 3.13).  
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Figure 3.13: With and without-grass plots with aeration at Week 14 (2nd Feb 2012).  The aeration 
holes can be seen on the bare plot.  
 
 
Figure 3.14: With and without-grass plots without aeration at Week 14 (2nd Feb 2012).   
 
Table 3.10 summarises the mean CIST hardness and soil moisture data for all treatments 
at each of the 18 weeks of assessment. Rainfall for the previous week is also shown.  
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Table 3.10: Weekly rainfall totals and mean CIST hardness and soil moisture on grassed vs bare 
plots and aerated vs non-aerated plots over an 18 week period without irrigation. For each week, 
values with the same letter superscript are not significantly different. NS = not significant. 
                
Week 
Measure 
With grass coverage   Without grass coverage LSD  
Rainfall With aeration 
No 
aeration   
With 
aeration 
No 
aeration (P=0.05) 
1 Hardness (g) 42 a 48 b  50 
b 59 c 4 
27 mm Moisture (%) 35 b 35 b  28 
a  27 a 2 
2 Hardness (g) 45 a 48 a   50 a 58 b 4 
6 mm Moisture (%) 38 b 36 b   28 a 26 a 2 
3 Hardness (g) 84  84   81  85  NS 
24 mm Moisture (%) 26 a,b 25 a  27 
b 26 a,b 1 
4 Hardness (g) 79  79    79  82  NS 
35 mm Moisture (%) 27   26    27  25  NS 
5 Hardness (g) 68 c 71 c  56 
a 62 b 5 
2mm Moisture (%) 37 b 36 b  28 
a 26 a 2 
6 Hardness (g) 94 a 94 a   93 a 94 a NS 
2 mm Moisture (%) 22 a 22 a   21 a 21 a NS 
7 Hardness (g) 113 a 111 a  105 
a 112 a NS 
7 mm Moisture (%) 16 a 16 a  19 
b 17 a 1 
8 Hardness (g) 119  115    106  116  NS 
5 mm Moisture (%) 12 a 12 a   20 b 18 b 2 
9 Hardness (g) 126 b 125 b  109 
a 115 a 9 
0mm Moisture (%) 10 a 11 a  18 
b 17 b 2 
10 Hardness (g) 142 b 138 b   114 a 116 a 17 
19 mm Moisture (%) 9 a 8 a   16 b 15 b 2 
11 Hardness (g) 109  108   104  109  NS 
0mm Moisture (%) 14 a 12 a  18 
b 17 b 2 
12 Hardness (g) 128 a 128 a   138 a,b 151 b 17 
0 mm Moisture (%) 10 b 7 a   13 c 10 b 2 
13 Hardness (g) 138 a 147 a,b  183 
b 190 b 39 
3mm Moisture (%) 7 b 6 a,b  6 
a.b 5 a 1 
14 Hardness (g) 152 a 154 a   206 b 208 b 29 
2 mm Moisture (%) 6 b 6 b   3 a < 3  1 
15 Hardness (g) 151 a 156 a  208 
b 212 b 22 
11mm Moisture (%) 6  6   < 3 < 3 - 
16 Hardness (g) 124 a 129 a   136 a 155 b 13 
1 mm Moisture (%) 10 a,b 8 a   12 b 10 a,b 2 
17 Hardness (g) 157 a 161 a  213 
b 219 b 20 
91 mm Moisture (%) 6  6   < 3 < 3 - 
18 Hardness (g) 76  81    72  79  NS 
 Moisture (%) 29 
b 27 a,b   28 b 25 a 2 
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Two-way ANOVA with replication indicated there were significant differences in CIST 
and soil moisture levels between grass and aeration treatments (P < 0.05), between weeks 
(P < 0.05), and in the interaction of the two  (P < 0.05). The analysis then proceeded to 
two-way ANOVAs (by block and treatment) for each assessment date, and the calculation 
of least significant difference values, as shown in Table 3.10. The data are more easily 
interpreted from the graph in Figure 3.15.  
 
Figure 3.15: Mean CIST hardness values on with grassed vs without grass and aerated vs non-
aerated treatments over an 18 week period without irrigation 
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Effect of preventative aeration treatment 
 
The aeration treatment did result in significant reductions in hardness in some instances in 
the first two weeks after treatment, but the hardness of all plots at that stage was low. In 
the drier conditions from Week 6 onwards, when soil moisture fell and CIST hardness 
increased to values over 100 g, there was only one instance (Week 16, without grass) 
where the aerated treatments had a significantly lower mean CIST hardness compared to 
the non-aerated treatments. Mean hardness values through the trial period ranged between 
42 – 213 g with aeration treatment, and 48 – 219 g without aeration. The aeration did 
increase soil moisture levels on some occasions. Soil moisture contents were significantly 
higher with aeration than without aeration in the without-grass plots in Weeks 3, 4, 5, 12, 
16 and 18, and in the with-grass plots in Weeks 12, 13 and 16. These differences all 
occurred following rainfall events, so the aeration treatments possibly resulted in more 
rainfall entering the profile rather than running off the surface, as suggested by Rogers, 
Waddington and Middour, 1988. Although significant on these occasions, the higher 
moisture contents only reduced hardness on one occasion, in Week 16 on the bare plots, 
where mean hardness in the aerated plots (136 g) was significantly lower than in the non-
aerated plots (154 g). By the following week this difference had disappeared again.  
To summarise the aeration findings, a forking action on a dry profile shattered soil 
compaction and curatively reduced hardness significantly. But a preventative, solid tine 
aeration treatment conducted when soil moisture was at or near Field Capacity had no 
significant effect on preventing surface hardness in a subsequent drying period. Aeration 
may enhance the interception and infiltration of rainfall and have some effect in reducing 
hardness in that way, especially on a bare surface.  
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Effect of turfgrass coverage 
Soil moisture stayed relatively high until Week 5 due to consistent rainfall, and CIST 
values were moderately low across all treatments. Theta probe moisture values were often 
significantly higher in the grassed plots following rainfall (e.g. Weeks 1, 2 and 5) which 
was attributed to the presence of the sward and the higher moisture retention of the 
turfgrass thatch layer (Hurto et al., 1980).  
A dry period from Week 6 to Week 10 then resulted in significantly lower soil moisture 
contents and significantly higher CIST values in Weeks 9 and 10 in the plots with turf 
coverage, compared to the bare plots. So, in the early stage of a dry period, the presence 
of grass can actually increase CIST hardness, compared to bare soil. This is attributed to 
the grass actively extracting and transpiring water from the profile, which dries the soil 
and consequently makes the surface harder. At this stage (Weeks 9 and 10) the bare plots 
had a baked, dry appearance but CIST hardness values were lower than its appearance 
would suggest. It was noticeable that the CIST hammer impact sounded as a dull thud, 
and it appeared that only the top centimetre or so of the profile had dried out. This surface 
drying was attributed to evaporation by the action of sun and wind and some further 
evaporation of water rising to the surface by capillary action, which is a slow process. 
This left a moderate amount of water deeper in the profile of the bare plots, hence the dull 
thud and relatively low CIST values.  
Over a longer drying period, however, the effect was different. The total rainfall in the 12 
weeks between Week 6 to Week 18 was only 52 mm, and the bare plots were 
significantly harder than the grassed plots from Week 12 through to Week 17. Over this 
prolonged dry period the moisture content in the without-grass profiles was gradually 
reduced to very low levels. When soil moisture in these bare plots fell to 3% or less, the 
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hardness values consistently exceeded 200 g. It was noticeable at this stage that the CIST 
hammer hit the bare soil plots with a sharp ping, rather than the dull thud mentioned 
earlier. Observation of soil plugs indicated that the bare plots were now very dry down to 
at least 60 mm depth (the length of the Theta probe), hence the very high CIST values. It 
became impossible to insert the Theta probe into the surface at these very low soil 
moisture and high CIST levels; in such cases the Theta probe value was listed as < 3%.  
In contrast, it was always possible to insert the Theta probe into the plots with turfgrass 
coverage, and the lowest moisture content recorded in them was 6%. The couchgrass 
retained an intact sward, but appeared to enter a slight dormancy, with a lack of growth 
and some loss of green colour. It is speculated that the turfgrass was extracting very little 
water from the surface centimetres of the profile at this stage, yet the grass verdure was 
providing a mulching effect to reduce evaporation from the surface. The slightly higher 
moisture content in the top 60 mm of profile, probably combined with the softening effect 
from the physical presence of the turf sward, resulted in the with-grass plots reaching a 
maximum mean hardness of 161 g, whereas the without-grass plots reached a maximum 
mean hardness of 219 g. This difference is important, as it might be possible for a ground 
authority to tolerate CIST levels up to 160 g on a football field, but probably not levels 
over 200 g.    
Figure 3.16 shows the relationship between soil moisture content and mean CIST 
hardness on the with-grass (n = 180) and without-grass plots (n = 180). The aerated and 
non-aerated data have been combined in each case, as the aeration treatment had so little 
effect. In each case, there was a very strong negative correlation between soil moisture 
content and CIST hardness. With-grass, however, the mean soil moisture content reached 
a minimum value around 6%. On these grassed plots, there was no instance where the 
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mean CIST hardness value reached 200 g, only one instance where the mean CIST value 
exceeded 170 g and only eleven instances when the mean CIST hardness exceeded 160 g. 
Without-grass, the soil moisture content fell to below levels that could be measured by 
Theta probe (< 3%), and there were 24 instances when the mean CIST hardness on a plot 
exceeded 200 g, and seven instances where it exceeded 245 g. The maximum mean CIST 
hardness on a bare plot was 255 g. In short, the presence of grass coverage moderated 
CIST hardness and prevented the extremely high hardness values measured when grass 
was absent on a droughted clay profile.  
 
Fig 3.16: Relationship between soil moisture and CIST hardness in the with-grass and without-
grass plots, showing trend line and coefficient of determination. Soil moisture levels tabulated at 
< 3% are graphed as 3%.  
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moisture and surface hardness. During a short period of drought (four weeks duration) the 
presence of grass caused an increase in surface hardness compared to when the soil was 
bare. This was attributed to the ability of grass to extract soil moisture and reduce the 
moisture content of the soil, with a consequent increase in surface hardness. Without 
grass presence during this period, a bare surface could dry out and appear to be 
excessively hard, but the presence of relatively high soil moisture deeper in the profile 
resulted in moderately low hardness.  Over a more prolonged period of drought of greater 
than eight weeks and at least up until twelve weeks duration (i.e. Week 6 to Week 18), 
this experiment showed that the presence of grass significantly reduced surface hardness 
compared to bare soil. With turfgrass cover, soil moisture did not fall below 6% and mean 
CIST hardness of plots was mostly in the range 140 – 160 g. These levels are considered 
by some authors to be acceptable for play (Mancino et al., 2006; McAuliffe & Roche, 
2009). By that stage of droughting the couchgrass had lost growth and some of its green 
colour. It is speculated that this temporary dormancy restricted further water uptake, 
while the intact sward provided a mulching effect to restrict profile evapotranspiration 
and also provided a physical moderation of surface hardness. Without turfgrass coverage, 
during a prolonged drought the soil moisture content of bare soil continued to decline, 
although it was not possible to measure this once below 3%. Consequently, surface 
hardness reached extremely high values, consistently over 200 g and up to 255 g. These 
levels exceed those considered acceptable for play by any recommendation.  
This raises the issue of what CIST hardness threshold it is prudent for ground authorities 
and their insurers to adopt. The findings of Twomey at al (2012) suggest that thresholds 
higher than 120 g are feasible. Perhaps the upper threshold of 150-175 g suggested for 
natural turf fields in Ohio (Mancino et al., 2006) would be suitable for community- level 
football in southern Australia. If this was the case, the experiment suggests that even 
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severely droughted, clay-based fields could be kept open for play provided they had an 
intact and uniform turfgrass sward. 
Conclusions  
On a compacted clay profile there was a very high correlation between volumetric soil 
moisture content and CIST hardness. Soil moisture appears to be the major factor in 
determining surface hardness.  
On this soil type, curative tine aeration conducted in a dry soil achieved a shattering effect 
and significantly reduced surface hardness. However, when tine aeration was applied 
preventatively to this soil when moist, and with a much reduced rake angle, there was no 
significant curative or preventative reduction in surface hardness. Turf Managers should 
perform solid tine aeration with a high rake angle on a dry profile if they are attempting to 
curatively reduce excessive hardness. The longevity of such an effect is still unknown.  
Turfgrass coverage had an important effect on surface hardness as soil moisture was 
depleted by drought. In a medium term (4 week) drought, turfgrass coverage caused an 
increase in surface hardness compared to bare ground, which is attributed to the turfgrass 
actively extracting soil moisture. However, in a longer term ( > 6 week) drought the 
turfgrass coverage moderated surface hardness, and prevented the extremely high 
hardness that was found on the bare surface.  
This conclusion shows the critical importance of retaining an intact sward on droughted 
football grounds in order to moderate hardness. This raises the problem of how to achieve 
that. There is no single answer, except to state that each ground manager should select a 
turfgrass species or variety that is best able to sustain an intact sward throughout the 
playing season given their particular situation and constraints.  
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Question 5: Can frequent sand topdressing moderate surface hardness?  
 
Rationale  
Dusting is widely used to improve the agronomic conditions and surface quality of 
putting greens (Nickson & Ford, 2004). A dusting program involves frequent, light sand 
topdressing, typically at a rate of 0.5 L/m2 sand every 2 – 3 weeks. Some elite football 
venues have now adopted the practice. As the turf on a football ground is coarser in 
texture than a golf green, a possible program for a football field might consist of four sand 
topdressings per year, each of 3 - 5 mm depth of sand. This is equivalent to 3 - 5 L/m2, or 
30 - 50 m3/ha of sand at each application, totalling 120 - 200 m3 of sand per hectare per 
year, at a cost of around $6 - 10,000/ha per year. Such a program might reduce surface 
hardness if the field was built of native soil and subject to periods of drought. The 
literature contains no information on what minimum depth of sand capping might be 
sufficient to mask the high potential hardness of the underlying soil. James et al. (2006) 
concluded that 100 mm was the critical depth for the engineering of a natural surface. A 
common practice in the UK (and increasingly in Australia) is to drain and sand-cap 
native-soil sports ovals to around this depth, to improve drainage and obviate hardness 
problems, and as a cheaper alternative to a full sand reconstruction (Adams & Gibbs, 
2004). But even this practice is expensive. Dusting might offer a cheap and achievable 
cultural practice for native-soil grounds that, over time, leads to an accumulation of a 
sand-thatch layer and avoids excessive hardness during drought periods. The depth of 
sand that is required to achieve this has never been trialled. The aim of this experiment 
was to examine the effect of one season’s dusting on the surface hardness of a droughted 
clay profile.  
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Material and methods 
In early 2010 a 15 m x 5 m area of ground with a well-structured Ferrosol profile was 
sodcut to remove surface grass biomass, and levelled to provide a uniform 2% fall across 
the 5 m width. A locally-sourced clay-loam (44.2% fines content) was installed to a 
uniform depth of 100 mm over the native Ferrosol profile, and compacted when moist 
with a pedestrian vibrating plate. The imported clay-loam was used in other experiments 
(Treatment 14 in Question 3 of this chapter) and known to reach high hardness levels 
when droughted. On 23rd February 2010 washed turf of hybrid Couchgrass (‘Santa Ana’) 
was laid, and the area irrigated as required for successful establishment. At all times 
during the experiment that followed, the turfgrass in the grassed plots had 100% cover of 
vigorous turf with a 12 mm deep thatch layer.  
The area was split into four replicate blocks. In early October 2010 a 1 m x 4 m plot in 
each block was topdressed with a clean washed sand (1.0% fines content, Treatment 1 in 
Question 3 of this chapter) to a depth of 5 mm (i.e. 20 litres of sand per 4 m2 plot). The 
sand was spread by hand and screeded into the grass surface, where it readily blended into 
the sward and thatch. From this point forward, this treatment will be referred to as the 
dusting treatment. This depth of dusting was applied monthly, from October 2010 to 
March 2011; six applications giving a total of 30 mm sand depth added to each plot. In 
early December 2010 a 900 mm x 2 m strip in each replicate block was sodcut and grass 
verdure removed. Grass regrowth was killed repeatedly over the following three months 
using glyphosate to create plots that were free of above and below-ground biomass. This 
treatment will be referred to as the bare treatment. At the same time a 900 mm x 2 m strip 
of grass was sodcut in the same manner, but grass regrowth from stolons and rhizomes 
was allowed. By January 2011 this recovery had resulted in full grass coverage of the 
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surface, but without a thatch layer. This treatment will be referred to as the no-thatch 
treatment. The untreated control plot will be referred to as the grassed treatment.  
Following a 17-day period of high temperature with no rainfall, on 6th January 2011 the 
treatment plots were measured for surface hardness with a CIST (2.25kg x 45.7 cm, 1st 
drop), and visual thatch depth measured with the aid of a digital caliper. High surface 
hardness in all treatments at the time of assessment prevented adequate penetration of the 
full 60 mm depth of the Theta probe for soil moisture determination. The assessments 
were repeated on 1st February 2011, again following a 17-day period without rainfall, this 
time with the addition of gravimetric soil moisture content by oven dry tests of bulked 
representative samples at 0 – 20 mm and 20-100 mm depth of the no-thatch and bare 
treatment profiles. A period of rainfall followed and the plots were only tested again in 
April 2011 when soil moisture was near Field Capacity, and hardness levels were low.  
CIST values at each assessment date were analysed by a two-way ANOVA for block and 
treatment effects, and where significant differences between treatments were evident, 
least significant difference values were calculated at an alpha level of 0.05.  
 
Results and discussion 
Each 5 mm application of sand topdressing was observed to smudge uniformly into the 
grass and thatch layer, and there is no reason that this depth of topdressing would create 
layering problems if mechanically applied to a dry surface on a broadacre basis. The 
grassed plots had a moderate thatch layer of 12-15mm at all assessments. The no-thatch 
plots had a full cover of grass component, but no measureable thatch layer. The dusted 
treatment plots had an easily distinguishable sand-thatch blend to a depth of 35 mm by 
April 2011. The bare plots had no visible above or below-ground plant biomass.  
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Table 3.11 lists the mean CIST hardness values and LSD values for the three assessment 
dates, and the accumulated depth of sand topdressing is indicated. The outcome was 
similar in both assessments in the droughted state. The dusted treatment plots had 
significantly lower hardness than all other treatments, including the grassed treatment. 
The grassed treatment had significantly lower hardness than the bare and no-thatch 
treatments. So the presence of a full grass cover with a moderate thatch layer reduced 
hardness compared to bare or no thatch plots, and the addition of sand dusting 
significantly reduced that hardness even further.  
Table 3.11: Mean CIST hardness values for three assessment dates in 2011. Soils were droughted 
in the Jan and Feb assessments, but near Field Capacity for the April assessment. Hardness values 
on each assessment date with the same letter superscript are not significantly different.  
 
    
 
        
Assess Soil moisture Dusting Treatment mean CIST hardness (g) LSD  
date status Depth Dusting Grassed Bare No-thatch (P = 0.05) 
6th Jan droughted 25mm 89 a 111 b 137 c 159 d 21 
2nd Feb droughted 30mm 70 a 93 b 115 c 138 d 20 
15th April FC 35mm 57 a 68 a,b 76 b 77 b 11 
 
However, after three weeks of drought, the no-thatch treatment had significantly higher 
hardness than the bare treatment. This is consistent with the findings in the previous 
experiment, and is attributed to the reduction in soil moisture by the actively transpiring 
grass and a consequent hardening of the surface. Without the mechanical effect of the 
thatch layer, this resulted in the no-thatch treatment being significantly harder than all the 
other treatments, including the bare treatment.  
In the bare plots, the soil surface dried out over three weeks of drought, but the deeper 
profile retained reasonable moisture, so the CIST hardness was only moderate. An 
analysis of soil samples tested for gravimetric moisture content by oven dry method on 
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2nd February (Table 3.12) revealed this effect. Soil moisture in the surface 20 mm and the 
20 – 100 mm section was lower in the grassed, no-thatch plots compared to the bare plots. 
This is attributed to transpiration from the actively-growing grass. In the bare plots, 
although the surface 20mm of soil was reasonably dry, the moisture content below 20 mm 
depth in the profile was relatively high. Consequently, the CIST hardness was reasonably 
low. As noted in the previous experiment, the CIST hammer in such cases hit with a 
characteristic dull thud.  
Table 3.12: Gravimetric soil moisture content of  representative samples from the No-thatch and 
Bare treatments in the 0 – 20 mm and 20 – 100mm depths, from 2nd February assessment. 
      
 Gravimetric moisture content % 
Section of profile No-thatch Bare 
 0 - 20 mm soil depth 9.5 11.3 
20 - 100 mm soil depth 14.7 21.7 
 
Note: in the previous experiment (Question 4), this effect changed over a prolonged 
drought (> 6 weeks duration), as the profile in the bare plots slowly dried out to a very 
low moisture content, which, in the absence of grass coverage, led to extremely high 
surface hardness.  
These findings suggest that a frequent sand topdressing program can reduce surface 
hardness in droughted conditions where the turf sits over a soil-based profile that would 
normally become very hard when droughted. For many clay-based ovals this offers a 
realistic and cost-effective proposition, provided turf coverage was present for the sand to 
blend with. A basic program such as 5 mm sand applications applied four times per year 
should provide results within 12 – 18 months. However, possible negative effects need to 
be considered. For example, soil-based ovals usually rely on surface contouring to 
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remove excess stormwater from the field by runoff, and sand topdressing might interfere 
with that drainage runoff. Also, earlier experiments have shown that sands with high 
permeability lack shear strength if exposed as a bare surface, so the treatment might not 
be suited to high-traffic ovals with zones that become denuded as the season progresses.   
Conclusions  
The practice of frequent sand topdressing (dusting) can reduce surface hardness if applied 
to a soil-based field susceptible to drought. A suitable program would be a 5 mm 
application (50 m3/ha), repeated four times during a season. Such an application was 
observed to blend uniformly into the thatch and verdure when applied to a dry surface.  
The success of the technique probably requires the continued presence of a turfgrass 
sward, and may not be suited to high-traffic fields. Further research is required on its 
effect on surface drainage and the potential problems from low shear strength if turf cover 
was lost. 
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Conclusions from Chapter 3  
  
This is the first investigation into the influence of various agronomic factors on surface 
hardness that includes measurement into drought conditions. The major agronomic factor 
influencing hardness was rootzone moisture content. In the field, with or without grass 
coverage, and across a wide range of rootzone textural types, hardness was always at 
moderate levels when moisture content was at or near Field Capacity. But in the absence 
of adequate water, modification of other agronomic variables was found to prevent 
excessive hardness.  
Soil texture was one such agronomic variable. Bare rootzones with less than 16-17% fines 
did not reach excessive hardness even when very dry. This raised the possibility that 
using sand rootzones in new field constructions would eliminate excessive hardness 
problems even in future drought. Laboratory testing of hardness behaviour in drought is 
probably not practical, but these experiments suggested that the fines content of a bare 
rootzone was reasonably predictive of hardness when droughted using the formula:    
CIST g  =  7.2 (fines %)  +  28.4.  
However, the experiments also showed that rootzones needed a fines content less than 
around 12% to retain sufficient Ksat, and a fines content greater than about 15% to provide 
at least some shear strength and stability in areas where grass coverage was absent. 
Overall, there was no compromise overlap where rootzone fines content satisfied all three 
parameters of hardness behaviour, Ksat and shear strength in drought conditions.  
Excessively hard profiles could possibly be softened by mechanical aeration. Curative 
aeration by forking a dry profile shattered soil compaction and dramatically reduced 
hardness. However, a preventative mechanical aeration treatment when the soil was moist 
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had no significant curative or preventative effect on hardness. It did appear to encourage 
slightly higher soil moisture content, but was unable to prevent hardness exceeding 200 g 
in extreme drought. Therefore, the conclusion is that mechanical aeration needs to be 
done curatively on a dry profile to achieve significant reductions in hardness, but this 
needs to be confirmed by future research.  
Topdressing with depths of 20 – 30mm of sand, blended with the grass thatch, over a 
compacted, droughted, finely-textured clay loam significantly reduced hardness compared 
to untreated plots. However the low shear strength of sand may be exposed if traffic 
causes loss of turf cover, and the sand layer may also prevent adequate surface drainage – 
these behaviours were not tested, but raise a note of caution for this technique.   
The presence or absence of grass had a major influence on surface hardness. Even in a 
compacted, finely-textured soil in extreme drought where hardness reached well over 200 
g on bare ground, hardness was limited to 150-160 g when grass cover was present. The 
findings suggest that the simple presence of grass could make the difference between a 
field being closed or kept in play, depending on the CIST threshold chosen. Given the 
injury surveillance data (Twomey et al., 2012) and the higher thresholds advocated in 
some locations, it seems reasonable that the CIST upper limit for community-level 
football in southern Australia could be set higher than the current recommendation of 120 
g. The evidence suggests that if the upper threshold was 150 – 160 g, many community-
level fields would be assessed as safe and playable, even when droughted, provided they 
had full turfgrass cover.  
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Chapter 4: The ability of couchgrass to retain groundcover and 
rotational traction in a normal winter in southern Australia 
 
Introduction 
The retention of adequate grass coverage was identified in the previous chapter as a key 
element in maintaining surface hardness at an acceptable level in drought situations. 
Selecting the turfgrass species that is most likely to retain grass coverage is the challenge 
for turf managers. In southern Australian the main grasses used on sportsfields are 
perennial ryegrass, often with a component of Poa annua, or couchgrass or kikuyu, or 
mixtures of these. A small number of sportsfields are sown to other species such as tall 
fescue or Paspalum. To the author’s knowledge there are no Kentucky bluegrass fields at 
all in Australia. 
With the onset of drought in southern Australia in 1997 there was a shift in turfgrass 
plantings on sportsfields from perennial ryegrass to C4 grasses because of their superior 
drought resistance. This trend accelerated in the mid-2000s when water restrictions were 
imposed in many locations that prohibited the use of potable water on most sportsfields. 
Anecdotally, couchgrass provided excellent football surfaces as well as summer sport 
surfaces through that drought period, but there has never been an objective analysis of 
their performance in terms of quality or sustainability. There was also scepticism on how 
couchgrass grounds would perform in normal winters, once the drought ended. Field trials 
in Victoria reported that couchgrass would survive without any supplemental irrigation 
and under low levels of other inputs on golf fairways in southern Australia (Ford, 2000). 
The literature review (Chapter 2) noted other benefits of couchgrass, such as its ability to 
creep laterally, and its high tolerance to heat, salinity and wear. That review concluded 
213 
 
that couchgrass offered many benefits in terms of sustainability compared to perennial 
ryegrass as a sportsfield surface in southern Australia. However, there are three 
unresolved issues regarding the adoption of couchgrass for football grounds in this 
climate. The first issue is the reaction of football players when presented with a straw-
coloured, dormant couchgrass surface in winter. The second issue is the possibility that 
couchgrass has higher rotational traction compared to perennial ryegrass, with a 
consequent increased risk of knee and ankle injury (Orchard, 2005). The third issue is the 
sustainability and performance of couchgrass as a winter football surface in non-drought 
years. Football is a winter game, and most of southern Australia’s rain falls over the 
winter months, so there is natural scepticism on the ability of couchgrass to retain 
turfgrass cover and provide adequate surface quality in a winter with normal rainfall.  
The first issue, the player’s perception of colour, is beyond the scope of this thesis but it 
should be noted that several strategies exist to improve the winter colour of couchgrass. 
The second issue will be addressed in Chapter 5, where the rotational traction of 
couchgrass will be compared with that of the other main turfgrasses. The purpose of this 
current chapter is, as indicated in Figure 4.1, to investigate that third issue: the 
sustainability and performance of couchgrass football fields in a southern Australian 
winter with normal rainfall.  
There are many variables that affect turfgrass performance on a football ground, not only 
the turfgrass species but the soil type and drainage, the level of inputs and management 
expertise, the amount of traffic and many other variables. This investigation will not 
attempt to control for those variables, or compare couchgrass with other grasses, and is 
largely based on qualitative assessments. However, it does aim to resolve the central issue 
and fill a gap in the current knowledge, regarding the ability of couchgrass on 
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community- level football grounds to retain acceptable turfgrass biomass and traction for 
football through a winter with normal rainfall.   
 
Figure 4.1: Research direction for Chapter 4 
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Material and methods 
In co-operation with three Melbourne metropolitan councils, fifteen pure couchgrass (cv. 
Santa Ana) community- level football grounds were randomly selected for study over 
winter 2011, which had an above-average winter rainfall. Each ground was assessed for 
visual turfgrass coverage at the start of the football season in April, at the end of the 
season in late September, and finally in November to assess post-season recovery leading 
into the summer. At the end of football season assessment (September), each ground was 
rated subjectively for overall quality using an A – E rating, where A was excellent, B was 
good, C was acceptable, D was poor and E was unplayable. This overall quality rating 
took into account turfgrass coverage, uniformity of surface levels and weed content. It 
was conducted by two experienced turf scientists, the author in collaboration with a 
turfgrass consultant who routinely uses this assessment method on sportsgrounds as a 
benchmarking tool for various clients.  
The percentage turf coverage was assessed visually on six randomly selected locations in 
both the corridor (high wear) and the non-corridor zones. A general characterisation of 
rootzone type was recorded as either sand or non-sand. The local government authority 
responsible for each field provided an estimate of the amount of winter traffic as low (less 
than 10 hours per week), moderate (10-15 hr/wk), moderate to high (16-20 hr/wk), high 
(21-25 hr/wk) and very high (greater than 25 hr/wk).  
Bureau of Meteorology (BOM) records for Melbourne were accessed for winter rainfall 
records (www.bom.gov.au). The ovals could also be viewed over time and in good detail 
from periodic on-line aerial photographs on the site Nearmap (www.nearmap.com). At 
that time (2011), images on that site were available freely and publicly for evaluation. 
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Results and discussion 
Table 4.1 shows the March – September monthly rainfall averages for the Melbourne 
Regional Office from 1971-2010, in comparison with season 2011. Some fields in the 
assessment were up to 30 km from the weather station, but it is reasonable to conclude 
that the 2011 football season had a rainfall around 30% higher than the long term average. 
Table 4.1: Melbourne March – Sept rainfall, BOM average from 1971-2010 compared to 2011  
                  
  Mar Apr May Jun Jul Aug Sep Total 
Mean 1971-2010 42 47 33 37 39 48 42 287 
In 2011 30 113 68 33 37 19 74 374 
 
All grounds started the 2011 football season (April) with full grasscover. Table 4.2 shows 
the groundcover and other assessments for the fifteen couchgrass grounds at the end of 
the football season (September), and in the post-season recovery period (November). By 
the end of the football season, no couch ground was rated as unplayable.  
One surface (Ground 3) was rated as poor (D); that ground had a 50mm sand capping 
over a clay profile, and in high wear areas the above-ground and below-ground biomass 
had been completely removed by traffic. The exposed sand layer was gouged out to leave 
depressions, and this resulted in its poor quality rating. The two sand-based grounds (1 
and 2) had similar problems in isolated, small areas in the high-wear zones. The post-
season grass recovery in sand-based fields was slower than the non-sand grounds, mainly 
due to these isolated, gouged areas which eventually required levelling and re-
establishment by sod because of the loss of below-ground biomass.  
None of the non-sand profiles experienced complete loss of below-ground biomass or 
suffered gouged out depressions. The couchgrass surface was thinned to some extent by 
traffic, but in all cases in the non-sand profiles the couch rhizomes were visible and held 
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the ground together well, as shown in Figure 4.5, and the surface remained stable. The 
overall quality ratings on these grounds ranged from A (excellent) to C (acceptable) by 
the end of the football season. Ground 8 was rated A and had very high grass coverage, 
despite very high traffic (greater than 25 hr/week). The end of season recovery in the non-
sand grounds was rapid because of the retention of rhizomes in the profile.  
Table 4.2: Ground assessments of 15 Santa Ana couchgrass football ovals, Melbourne 2011 
                
 
Soil Traffic Quality Grass cover, Sept 2011 
 
 Grass cover 
No. type Rating  (A-E) corridor non-corridor   Nov-11 
1 sand high B 40% 80% 
 
80% 
2 sand high C 40% 80% 
 
80% 
3 sand/soil high D 10% 80% 
 
90% 
4 non-sand low A 100% 100% 
 
100% 
5 non-sand low A 75% 100% 
 
100% 
6 non-sand mod-high A 50% 85% 
 
100% 
7 non-sand high A 60% 90% 
 
95% 
8 non-sand very high A 80% 100% 
 
90% 
9 non-sand moderate B 40% 80% 
 
95% 
10 non-sand high B 75% 90% 
 
100% 
11 non-sand high B 70% 85% 
 
100% 
12 non-sand moderate C 20% 50% 
 
95% 
13 non-sand mod-high C 70% 95% 
 
100% 
14 non-sand high C 10% 80% 
 
95% 
15 non-sand very high C 20% 70%   100% 
 
In short, the retention of grass coverage and the surface quality of the non-sand 
couchgrass ovals was more than acceptable by the end of winter 2011, which was wetter 
than average. In addition to this, the post-season recovery on those grounds was rapid.  
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Figures 4.2 – 4.7 show Ground 14 as a case study. This ground was rated C (acceptable) 
at the end of the football season, so was one of the worst non-sand grounds. Its usage was 
high (21-25 hr/week), and its visual turfgass coverage was only 10% in the playing 
corridor region by the end of the football season. Although nearly denuded in those zones, 
there was a high presence of rhizomes in the soil and post-season recovery was rapid. The 
non-corridor zones retained a high percentage of ground cover.   
 
Figure 4.2: Case study, Ground 14: Nearmap image, cricket season, 20th January 2011.  This 
ground was not irrigated.  
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Figure 4.3: Case study, Ground No. 14, 6th April 2011, near the start of the football season. The 
couch has already lost some colour with the onset of cooler weather and pre-season football 
traffic.  
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Figure 4.4: Case study, Ground 14, 20th August 2011, showing dormant couchgrass near the end 
of the football season. High wear is evident in the central corridor, where groundcover was rated 
as 10%. Groundcover in the non-corridor was rated at 80%.   
 
 
221 
 
 
Figure 4.5: Case study, Ground 14, 28th September 2011, high-traffic zone with only 5% 
groundcover at this spot, but with abundant rhizomes mixed through the profile.   
 
 
Fig 4.6: Case study, Ground 14, 28th Sept 2011, non-corridor zone with 100% couchgrass cover at 
this spot.  
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Figure 4.7: Case study, Ground 14, 17th November 2011, showing post-season recovery (95%)  
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Conclusions from Chapter 4 
 
This is the first specific assessment of the sustainability of grass coverage and overall 
performance of couchgrass on in situ community- level football grounds in a non-drought 
winter in southeastern Australia. The general conclusion is that ground managers should 
be confident that a suitable couchgrass variety will provide an acceptable surface for 
winter football even in non-drought conditions. The couchgrass will not be destroyed, or 
lead to unplayable surface conditions.  
The non-sand couchgrass grounds retained sufficient turfgrass coverage to provide 
surfaces that were subjectively rated as acceptable or more than acceptable for football 
during the wetter than normal winter of 2011. There was natural wear and tear in the high 
use areas but the presence of rhizomes maintained stability and prevented excessive 
disruption to surface levels. The rhizomes also provided material for rapid recovery in the 
spring and summer.  
High traffic on either a sand-based or a sand-capped profile led to isolated zones where 
the above and below-ground couchgrass biomass was completely lost. These areas were 
unstable and susceptible to gouging and disruption of the surface levels. Although the 
affected areas were limited in size, they led to a downgrading of the overall quality 
ratings for those grounds. The loss of below-ground biomass also retarded the summer 
recovery of those areas. The conclusion is that traffic on sand-based or sand-capped 
grounds should be restricted, so that groundcover, or at least below-ground biomass, is 
retained. The amount of traffic allowable for this to be achieved is unknown, and likely to 
be site specific.  
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Chapter 5: Agronomic factors affecting rotational traction 
 
In community- level football during periods of drought and water restriction, sustaining 
full turfgrass coverage is a strategy that can prevent very high surface hardness levels. 
Only C4 turfgrasses such as couchgrass have the ability to survive with an intact sward 
without supplemental irrigation in the southern Australian climate. The local experience, 
and the evidence presented in Chapter 4, showed that couchgrass can provide a good 
quality surface on football fields, even though it is a winter sport. But a link has been 
made between couchgrass and increased ACL injury risk in football (Orchard, 2005).   
  
Many different intrinsic and extrinsic factors are implicated in non-contact ACL injury 
risk, and there is little consensus on the relative importance of each. High boot-surface 
rotational traction is one such factor, succinctly summarised by Chivers and Orchard 
(2008): “ACL injuries occur in response to very high rotational force loads being 
experienced by the player’s knee and usually do not involve player contact. The dominant 
factor is the inability of the players’ foot to rotate freely within the turf or soil at a time 
when the body is rotating” (Chivers & Orchard, 2008, p 115).  
 
The rotational traction outcome of a boot-surface interaction is potentially affected by 
many boot and surface variables. The turfgrass species is one such variable. Orchard 
(2005) reported epidemiological evidence that couchgrass presented a higher risk of ACL 
injury compared to perennial ryegrass. Orchard and colleagues contended that the higher 
risk with couchgrass was due to its high rotational traction from its lateral growth habit 
and higher thatching tendency, hence a greater tendency to “trap players’ boots 
preventing the free rotation of the foot and placing more stress on the knee ligaments” 
(Orchard, Chivers, Aldous, Bennell & Seward, 2005, p 708). Furthermore, Orchard 
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(2005) recommended that “if it is possible to use ryegrass in the profile of a football field 
then this should be done” (Orchard, 2005, p 163).  However, a controlled comparison of 
the rotational traction of couchgrass and perennial ryegrass has never been done. Several 
reports have compared the peak torque of different turfgrass species (e.g. Canaway, 1983; 
McNitt, Waddington & Middour, 1997; Otago et al., 2007; Roche, Loch, Poulter, & 
Zeller, 2008), but in only one of those reports was couchgrass directly compared to 
perennial ryegrass. The result was that couchgrass had up to 17 Nm higher peak torque 
compared to perennial ryegrass (Otago et al, 2007). However, the plots in that trial were 
not replicated or consistent in age and thatch depth. The first aim of this chapter is to fill 
that gap in the knowledge by providing a robust comparison of the rotational traction of 
couchgrass and perennial ryegrass, over time and from replicated plots controlled for 
potentially confounding variables.  
 
Other agronomic variables such as thatch depth, grass coverage and soil type have been 
reported to affect boot-surface rotational traction (Adams, Tanavud, & Springsguth, 1985; 
Chivers, 2008; Gibbs, Adams & Baker, 1989). The research reviewed in Chapter 2 
indicated that these factors can interact in complex ways, which limits the ability to make 
decisive agronomic recommendations either to increase or decrease traction. The second 
aim in this chapter is to identify and test as many agronomic variables as practicable for 
their consistency of effect and relative influence on rotational traction. In each case, the 
focus was to isolate that variable while controlling for potential confounding factors.  
 
A third aim of the chapter is to develop agronomic recommendations that are practical, 
sustainable, clear, consistent and have high leverage in avoiding excessive rotational 
traction, and, potentially, ground-related ACL injury risk in community- level football. 
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Figure 5.1 demonstrates how the work in this chapter is linked to the previous chapters 
and the overall research of the thesis. 
 
 
Figure 5.1: Summary of Chapter 5 research directions, and links to previous chapters  
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Preface: Testing rotational traction with the UB Turf Tester  
  
Various methods have been used to quantify rotational traction. The literature review 
concluded that the SBA was suited to the agronomic research proposed for this thesis, but 
improvements in reliability and data capture would be welcome.  Zeller (2008) developed 
an automated device to address these issues, based on the same load, drop height and stud 
configuration as the SBA, but the drop and rotation process was automated by using an 
electric motor and chain and sprocket assembly to rotate the studded disc. Torque was 
calculated from the chain tension, measured by an electronic load cell (Zeller, 2008). 
Torque values were captured progressively at each 0.5o of rotation, which provided 
additional data for traction analysis, beyond the simple peak torque that is the sole output 
of the SBA (Roche et al., 2008). The device was mounted on wheels for easy transport, 
and the mounting also maintained the shaft in a stable position and prevented the studded 
disc from tilting during rotation.  
In 2010 the University of Ballarat commissioned a similar device from Zeller’s 
organisation. This new device will be referred to as the UB Turf Tester in this thesis 
(Figure 5.2 and 5.3). The UB Turf Tester load cell can be checked and calibrated using a 
calibration load cell, and the calibration load cell itself can be checked by weights. The 
device incorporates a GPS unit to log position. It also has an optical distance sensor to 
measure the drop height of the lifting disc during a test. This was an attempt to quantify 
stud penetration, but the measured distance did not allow for settling of the unit in the turf 
thatch, so these depth measurements were not accurate enough to be useful. During a test, 
torque and angle of rotation values are stored as comma-separated values. After the test 
these data are downloaded via USB memory stick and saved as an MS Excel file so the 
data can be manipulated and further site details added (see Figure 5.4). 
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Figure 5.2: The UB Turf Tester  
 
Figure 5.3: Main components of the UB Turf Tester 
Control box 
Load cell to measure 
chain tension 
Sprocket and chain 
  46 kg normal load 
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A typical traction test result is shown in Figure 5.4, showing torque readings only up to 3o 
of rotation (the full test actually rotated and collected torque values to a pre-set angle of 
55o). In this example the test was conducted on 4th November 2011 at 4.16 pm. It was a 
perennial ryegrass (prg) sample (rep 2, test a). The peak torque was 67 Nm, and the angle 
at which this was achieved was 27.5o. By 3o of rotation a torque of 27 Nm had been 
reached. GPS data are included, and CIST and Theta probe values collected at that 
location have been added to the Excel file for convenience (hardness was 66 g and soil 
moisture was 39.8 %).   
 
Figure 5.4: Excel spreadsheet result of UB Turf Tester data on a perennial ryegrass sample 
 
A graph of the torque vs angle of rotation relationship can be prepared for that sample, as 
shown in Figure 5.5.  The shape of this regression was found to be typical in natural turf 
and consists of four phases. The initial section, to 5 or 6 degrees, appears quite linear. 
This is followed by a phase of diminishing marginal return of torque as rotational angle 
increases. This is followed by a plateau phase. Peak torque is consistently found in the 
plateau phase, usually in the range 25 – 45o of rotation, and indicated in this case by a red 
star at 27.5o rotation. Peak torque is reached in rather an arbitrary fashion, as the torque 
values tend to ‘bump around’ in the plateau phase. The final phase is usually a slight 
decline in torque once the peak torque has been passed. This pattern is entirely consistent 
with similar torque vs angle of rotation regressions on natural turf reported by Chivers, 
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using a SBA modified with an electronic grip logger (Chivers, 2008), and those presented 
by Roche et al, using Zeller’s original automated traction tester (Roche et al., 2008).  
 
Figure 5.5: Torque vs rotation graph created from UB Turf Tester data, prg 2a, 4 Nov 2011.  
 
As noted earlier, the UB Turf Tester load cell can be checked for accuracy using a 
calibration load cell (see Figure 5.6), and the calibration load cell itself can be checked for 
accuracy using suspended weights (see Figure 5.7). 
The load cell was checked for accuracy on delivery of the UB Turf Tester (November, 
2010) and six more times at regular intervals over the course of testing in this thesis 
(December 2010 to December 2012). The calibration load cell was tested for accuracy on 
delivery in November 2010 and again in December 2011. On each occasion the UB Turf 
Tester load cell and the calibration cell were found to be accurate.  
The first formal use of the UB Turf Tester in this thesis was to compare its peak torque 
readings with a SBA device. 
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Figure 5.6: The calibration load cell fitted to perform a test of the load cell.  
 
 
Figure 5.7: Checking the calibration load cell for accuracy using 20kg suspended weights.   
Calibration 
load cell 
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Question 1: Is there a significant difference in peak torque values 
between the UB Turf Tester and a manual Studded Boot Apparatus? 
 
Rationale: While there are many and varied devices for testing rotational traction, the 
device with the longest history of use and greatest adoption by turf practitioners, 
researchers and in standards testing worldwide, is the SBA originally devised by 
Canaway and colleagues, and now specified as a standard (BS EN15301-1: 2007). It 
should be noted that the SBA devices used in Australia frequently don’t conform to this 
standard. The main deviation is the use of a single-handled torque wrench, when the 
British Standard requires a double-handled torque wrench. A systemic departure from the 
British Standard is the conventional use of 17 mm studs when testing natural turf 
Australian football and rugby fields, instead of 13 mm studs. In most tests in this thesis, 
unless otherwise stated the UB Turf Tester was fitted with 17 mm studs (nominally; the 
average length was 16.5 mm).   
Zeller (2008) reported consistency between his first automated traction device and a SBA, 
although the data were limited. A University of Ballarat Honours project (McCavour, 
unpublished to date) compared peak torque values of the UB Turf Tester with those from 
a SBA, both fitted with 14 mm long studs and testing a 3rd generation synthetic turf 
sample with crumbed rubber infill. No significant difference in peak torque was found 
between the UB Turf Tester (mean 53 Nm, n = 100), and a SBA (mean 51 Nm, n = 100).  
(McCavour, 2012, unpublished data). The aim of this initial experiment was to test if peak 
torques on natural turf species were significantly different between the UB Turf Tester 
and a manually-operated SBA device. If no significant difference was found between the 
two devices, it would allow some comparison of the peak torque data in this thesis with 
previous research in the literature that used a SBA.   
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Materials and methods 
 
The UB Turf Tester and a manual SBA were used side-by-side on nine Cynodon 
turgrasses and five other C4 turfgrass species. Both devices were fitted with identical 14 
mm polycarbonate studs. The SBA was operated by an experienced turfgrass consultant 
who routinely used this device for sportsfield testing. It was fitted with an electronic 
torque transducer to quantify peak torque, and used a double-handed handle to impose 
rotation. The tests were conducted on 19th January 2011 on turfgrass trial plots at the 
Sydney University Plant Breeding Institute, Cobbity, New South Wales. All species 
tested were C4 creeping grasses and had either rhizomes or stolons or both. The grass 
foliage was dry at the time of testing. The turfgrass swards in each plot were uniform and 
dense, with 100% grass coverage. Soil type, age and thatch depth were uniform within 
plots, but possibly not between different plots. Three peak torque assessments were 
conducted on each plot with each device, and compared by independent t tests at an alpha 
level of 0.05, and least significant difference (LSD) values were calculated using the 
formula:  LSD =  t n-1 * (SE2 device 1  +  SE2 device 2) 0.5  
Results and discussion 
Table 5.1 summarises the peak torque comparisons. Out of fourteen turfgrass types there 
was only one case (Paspalum vaginatum ‘Velvetene’) where there was a significant 
difference in mean peak torque between the devices. The difference between devices was 
greatest on this variety (13 Nm). In the other thirteen turfgrasses there was no significant 
difference in mean peak torque between the devices. Mean differences between devices 
ranged between 0 – 9 Nm and the average mean difference was 3.9 Nm. In some 
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turfgrasses the mean peak torque was higher with the UB Turf Tester, in other cases it 
was higher with the SBA, suggesting that there was no systemic bias between devices.  
Table 5.1: Peak rotational traction values, mean of three replicates with each device on each plot 
      
 
 Mean peak torque (Nm) LSD 
Turfgrass UB Turf Tester 
Studded Boot 
Apparatus (P = 0.05) 
Cynodon varieties:  
  
 
Sth African couch 68 66 20 
Tifgreen 51 56 6 
Couch 1 67 65 13 
Tifdwarf 53 56 29 
TifEagle 64 64 14 
Rileys SS 61 62 9 
Plateau 57 56 8 
Grand Prix 49 56 17 
Aussie Green 67 65 14 
Other species: 
  
 
Paspalum vaginatum Velvetene 39 52 5* 
Paspalum vaginatum 50 55 17 
Queensland Blue Couch 62 55 14 
Empire Zoysia 48 57 12 
Stenothaprum secundataum Kings Pride 70 77 24 
* significant difference between devices (P = 0.05) 
 
Conclusion 
In thirteen out of fourteen different C4 turfgrass types there was no significant difference 
in mean peak torque between the UB Turf Tester and the Studded Boot Apparatus. The 
difference between the devices was usually small, and there was no apparent bias. From 
these results it was deduced that further rotational traction testing in the thesis could 
proceed with confidence that there is a good agreement between UB Turf Tester and SBA 
peak torque values, provided the same stud length has been used. While this agreement is 
not essential to validate the use of the UB Turf Tester it does enhance the interpretation of 
the UB Turf Tester peak torque values where the reader is familiar with SBA data.   
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Question 2: How can UB Turf Tester data be manipulated to yield the 
most valid and relevant parameters of boot-surface rotational traction 
in the context of ACL injury? 
 
Rationale: A conventional SBA test provides a single peak torque value. A UB Turf 
Tester test captures torque values at every 0.5o increment of rotation of the studded disc. 
So in a single test set to 60o rotation, 120 individual torque values are collected. The peak 
torque can be found, the angle at which it occurred, and a trace of the torque vs angle of 
rotation can be created (see Figure 5.5). These data could be manipulated in various ways. 
If the UB Turf Tester is to be used to identify boot-surface situations of potentially high 
risk for ACL injury, the key requirement is to select parameter(s) that can be argued as 
valid and relevant to the context of ACL injury.    
Video evidence of ACL injuries in sport show that the damage occurs within a fraction of 
a second after footstrike, probably between 50 – 250 milliseconds after ground contact 
(Grund, Reihl, Krosshaug, Senner & Gruber, 2010). This suggests that torque reached 
very early in a rotation test is highly relevant. In other ACL injury research, the torsion 
leading to failure of cadaver knee ligaments probably starts in the range 35 – 40 Nm 
(Meyer, Baumer, Slade, Smith & Haut, 2008; Shoemaker, Markolf, Dorey, Zager & 
Namba, 1988). Combining these findings, if the torque in a boot-surface test exceeded 35 
Nm within 200 ms of ground contact, it would seem to indicate a high ACL injury risk.  
The purpose of this experiment was to investigate various manipulations of UB Turf 
Tester data from a broad sample of tests, and then decide which of those parameters 
appeared to be the most valid and relevant to ACL injury risk, and for investigating the 
influence of various agronomic treatments on rotational traction.    
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Materials and methods 
UB Turf Tester data from 384 individual traction tests on natural turf were selected for 
this analysis. The tests were conducted from December 2010 to December 2011, on 
replicated plots from a field trial site at Leigh Creek, near Ballarat, Victoria, Australia. 
The turfgrasses were perennial ryegrass, tall fescue, Kentucky bluegrass and couchgrass. 
In all plots the grass coverage was 100% and soil moisture content and surface hardness 
were consistent between treatments, replicates and test dates. The UB Turf Tester studs 
were in the conventional configuration (6 x 17 mm studs).  In addition to the natural turf 
data, the results from eleven UB Turf Tester tests on a 3rd generation synthetic surface 
were included to compare the general torque vs rotation behaviour of natural and 
synthetic turf. These tests used 6 x 14 mm studs.  
Various manipulations of the data were investigated based on their apparent validity and 
relevance to the ACL injury context, and the ability to perform t tests or analysis of 
variance and determine if significant differences could be discerned between treatments. 
Livesay, Reda and Nauman (2006) used the term ‘rotational stiffness’ for the slope of the 
torque vs rotation trace in their tests. That term is also used in this experiment, and is 
defined at this stage as the slope of a trend line for a torque vs angle of rotation trace.  
Results and discussion: Synthetic turf tests 
The data on synthetic turf were included in order to compare and contrast its general 
behaviour with natural turf. The mean peak torque on the synthetic turf (14 mm long 
studs) was 54 Nm, with a range of 48 – 60 Nm. The trace of a typical torque vs angle of 
rotation on the synthetic turf sample is shown in Figure 5.8. The relationship is quite 
linear up to approximately 35o of rotation, followed by a plateau and decline phase from 
around 40o onwards. 
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Figure 5.8: Typical torque vs rotation regression for a 3rd generation synthetic turf sample 
 
For each of the eleven UB Turf Tester synthetic turf tests, rotational stiffness was 
determined as the slope of trend line in either the  0 - 10o, 0 - 20o, 0 - 30o, 0 - 40o or 0 - 
50o sections of the graph. The coefficient of determination (R2) of each trend line was 
calculated using Microsoft Excel. The R2 indicates the strength of torque vs rotation 
relationship, but in this case can also act as a proxy indication of the linearity of the slope 
in that phase of the regression. The mean R2 values (n = 11) for each phase of the 
regression are shown in Table 5.2.  
Table 5.2: Mean coefficient of determination (R2) values from lines of best fit (intercept set at 
zero) in the 0 - 10o, 0 - 20o, 0 - 30o, 0 - 40o and 0 - 50o sections of the graph 
 
          
 
Angle of rotation 
  0 - 10
o 0 - 20o 0 - 30o 0 - 40o 0 - 50o 
Linear R2 value 0.93 0.97 0.97 0.87 0.43 
 
These values indicate that the UB Turf Tester torque vs rotation relationship on 3rd 
generation synthetic turf was highly linear until beyond 30o of rotation.  In contrast, the 
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linear phase on natural turf only seemed to extend to around 6o of rotation, indicating 
there was a fundamental difference in behaviour between natural and synthetic turf.  
Results and discussion: Natural turf tests 
The UB Turf Tester data are continuous and ratio scale. Data analysed for a particular 
date and species type were found to be normally distributed. As noted earlier, the typical 
torque vs rotation relationship on natural turf has an early linear phase, then a diminishing 
returns phase, a plateau phase which includes the peak torque value, and then usually a 
decline in torque at rotation angles beyond the peak. The main contrast with the behaviour 
of a typical synthetic turf sample is the extent of the linear phase – around 6 - 10o of 
rotation on natural turf, compared to 30 – 40o of rotation on the synthetic turf. The slope 
of the linear phase is also different, typically in the range 4 – 5 Nm/deg in the natural turf 
samples, but only around 2 Nm/deg in synthetic samples. This slope, or rotational 
stiffness (Livesay, Reda & Nauman, 2006) could affect ACL injury risk. Typical 
examples for each turfgrass species are shown in Figures 5.9 – 5.12 to illustrate these 
phases, and the similarity of the relationship in all four turfgrasses.  
 
Figure 5.9: Torque vs rotation regression for a perennial ryegrass sample.  
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Figure 5.10: Torque vs rotation regression for a tall fescue sample.  
 
 
Figure 5.11: Torque vs rotation regression for a Kentucky bluegrass sample 
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Figure 5.12: Torque vs rotation regression for a couchgrass sample.  
 
The regression pattern was similar in each species, especially the presence of the early, 
highly linear phase out to around 6 – 10o of rotation. This suggested a promising 
parameter of rotational stiffness, being the slope of the line of best fit of the torque vs 
rotation regression in those first few degrees of rotation. It offered two advantages. First, 
it appeared highly relevant to the ACL injury and the concept of foot fixation, as it 
represented the rotational traction reached in the first fractions of a second of the rotation. 
Second, that early phase might be consistently highly linear across the four grass species. 
A rotational stiffness value derived from a highly linear trend line would be more reliable 
than the slope from a trend line with low linearity.    
To examine and explain this further, the Excel trace from a typical grass test (couchgrass 
sample 3c, 4th November 2011) is shown below, with trend lines for the 0 – 6o phase 
(Figure 5.13) and the 0 – 9o phase (Figure 5.14), with the intercepts set to zero. The 
coefficient of determination (R2) value is used in these two regressions not only as an 
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indicator of the strength of the rotation vs torque relationship, but as a proxy indication of 
the linearity of the regression in that phase.  
 
Figure 5.13: Torque vs rotation regression and trend line for a couchgrass sample showing only 
the 0 – 6o section.  
 
 
Figure 5.14: Torque vs rotation regression and trend line for a couchgrass sample showing only 
the 0 – 9o section.  
 
On this basis, the relationship in the 0 – 6o phase (R2 = 0.9131) is more highly linear than 
in the 0 – 9o phase (R2 = 0.8309).  
y = 6.8708x 
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To examine this promising parameter further, regressions for 48 traction tests were 
examined using UB Turf Tester data from the 4th November 2011 Leigh Creek 
assessment for perennial ryegrass, tall fescue, Kentucky bluegrass and couchgrass. This 
assessment date was selected at random. R2 values and 95% Confidence Limits were 
computed for trend lines in the 0 - 3o, 0 - 6 o, 0 - 9 o, 0 - 12 o and 0 - 15 o sections of the 
rotation vs torque regressions for the 48 traction tests, as listed in Table 5.3.  
Table 5.3: Mean R2 values and confidence limits for 4 Nov 2011 assessments (n = 48) 
 
  
 Section of Graph Mean R2 value 95% Confidence Limits for Mean of R2 
0 - 3o 0.966 0.960 - .0972 
0 - 6o 0.918 0.906 - 0.930 
0 - 9o 0.838 0.818 - 0.858 
0 - 12o 0.753 0.724 - 0.782 
0 - 15o 0.672 0.640 - 0.704 
  
The R2 values in each phase were found to be normally distributed, and the confidence 
limits were narrow. If a minimum R2 value of 0.9 is selected as an indication of high 
linearity, then using data in the 0 – 6o phase of the graph to determine rotational stiffness 
would be satisfactory, as the mean R2 value for that phase was 0.918. Out of the 48 
individual tests on the four different turfgrasses, there were no anomalous instances where 
the trend line in the 0 – 6o phase of the graph was not highly linear.  
The UB Turf Tester studded disc rotates at a constant speed of 31o per second, so it will 
rotate from 0 - 6o in 194 milliseconds. This fits neatly within the ACL injury timeframe of 
50 – 250 milliseconds after ground contact (Grund et al., 2010). Unfortunately, there are 
no empirical data in the literature on the speed of rotation of an athlete’s boot in a cutting 
manoeuvre. However, it does appear that rotational traction experienced in the first 6o (or 
193 ms) of rotation of a UB Turf Tester is consistent with the concept of foot fixation and 
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has good apparent validity with respect to the timing of an ACL injury in a cutting 
manoeuvre.   
As well as being highly linear, and fitting the timeframe implicated in ACL injury, the 
slope of the trend line in the 0 – 6o phase of the torque vs rotation relationship is 
computed from twelve datum points (thirteen, if the 0,0 intercept is included). Other 
potential rotational traction parameters, such as peak torque, the angle at which peak 
torque was reached, or the angle of rotation required to reach 35 Nm, or the torque 
reached by 6o of rotation, are all single datum points, and more susceptible to random 
fluctuation compared to a value derived from twelve datum points.  
With all these considerations in mind, a decision was made for this thesis to define 
rotational stiffness on natural turf as the slope of the linear trend line in the 0 – 6o phase of 
the torque vs angle of rotation regression, with the intercept set at zero. Furthermore, 
rotational stiffness would be considered the most valid and relevant parameter of 
rotational traction when comparing the potential ACL injury risk of the various 
agronomic treatments under investigation. This concept had already been suggested in the 
literature (Canaway, 1975; Drakos et al., 2010; Fujikake, Yamamoto & Takemura, 2007; 
Livesay, Reda & Nauman, 2006; Otago et al, 2007; Williams, Hume & Kara, 2001).  
If it is proposed that rotational stiffness has good apparent relevance and validity, then the 
validity of other potential parameters can be measured against it, as indicated by their 
correlation to rotational traction. The combined data from eight Leigh Creek assessments 
(n = 384) were analysed for the correlation between rotational stiffness and other 
potentially informative parameters. Rotational stiffness values in this data set ranged from 
less than 1 Nm/deg to 11.8 Nm/deg, and peak torque ranged from 11 Nm to 95 Nm. The 
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combined data were not normally distributed, so correlation assessments used the 
Spearman’s Rank Correlation coefficient (rs).  
Rotational stiffness vs peak torque 
The Spearman correlation coefficient between peak torque and rotational stiffness was 
0.726, as shown in Figure 5.15. As noted in natural turf samples, peak torque occurs late 
and rather arbitrarily along the plateau phase, consistently at rotation angles above 25o. It 
is not surprising, therefore, that these two parameters do not have a very strong 
correlation. This supports the finding of Livesay and colleagues (2006) that peak torque 
did not always correlate strongly with their calculation of rotational stiffness. Given that 
the single value of SBA peak torque is so widely used and reported in the literature, this 
thesis will continue to analyse peak torque values in addition to rotational stiffness. 
However, it is proposed that rotational stiffness is the more valid and relevant parameter 
of rotational traction with respect to ACL injury risk.  
 
Figure 5.15: Scatterplot graph showing correlation between rotational stiffness and peak torque 
from 384 UB Turf Tester assessments on natural turf 
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Rotational stiffness vs angle of peak torque 
The UB Turf Tester identifies the angle of rotation at which the peak torque was 
achieved. It is feasible that this angle could provide an insight into the behaviour of 
different treatments; possibly, treatments with high rotational stiffness also reach their 
peak torque at low angles of rotation. This was found not to be the case. The correlation 
coefficient between rotational stiffness and the angle of peak torque was too low to be of 
any significance (rs = 0.069), as shown in Figure 5.16. In these 384 samples, the angle at 
which the maximum torque was reached ranged from 15o to 62o, and had no apparent 
value for making comparisons of rotational traction between treatments. 
  
  
Figure 5.16: Scatterplot graph showing correlation between rotational stiffness and angle of 
maximum torque, from 384 UB Turf Tester assessments on natural turf 
 
0
10
20
30
40
50
60
70
0 2 4 6 8 10 12 14
A
ng
le
 o
f m
ax
. 
To
rq
ue
 (
de
gr
ee
s)
 
Rotational stiffness, slope 0 - 6o (Nm/deg)  
rs = 0.069 
246 
 
Rotational stiffness vs torque at 3o of rotation 
There was a very strong correlation (rs = 0.97) between rotational stiffness and the torque 
achieved by 3o of rotation, as shown in Figure 5.17. The UB Turf Tester takes 96 ms to 
reach 3o of rotation, which is potentially in the timeframe and rotation where excessive 
traction and foot fixation could contribute to injury (Grund et al., 2010). So this parameter 
might be useful in further analyses.   
 
Figure 5.17: Scatterplot graph showing correlation between rotational stiffness and the torque 
reached by 3o of rotation, from 384 UB Turf Tester assessments on natural turf 
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Rotational stiffness vs torque at 6o of rotation 
There was also a very strong correlation between rotational stiffness and the torque 
reached by 6o of rotation (rs = 0.97), as shown in Figure 5.18. The UB Turf Tester takes 
193 ms to rotate through 6o, which is in the timeframe for ACL injury (Grund et al., 
2010). If a boot-surface treatment reached a torque in excess of 35 Nm, which is 
potentially approaching the ligament failure torsion ( Meyer et al., 2008; Shoemaker et 
al., 1988) within that 6o of rotation, then that treatment could be flagged as having a high 
ACL injury risk. This parameter is worth analysing further.  
 
 
Figure 5.18: Scatterplot graph showing correlation between rotational stiffness and the torque 
reached by 6o of rotation, from 384 UB Turf Tester assessments on natural turf 
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Rotational stiffness vs torque at 12o of rotation 
As shown earlier in this section, by 12o of rotation the relationship between torque and 
angle of rotation had entered a phase of declining return on torque for increased angle of 
rotation. Also, the UB Turf Tester takes 387 ms to rotate 12o, which is outside the 
timeframe identified in ACL injury (Grund et al., 2010). So although the correlation 
between the rotational stiffness and the torque reached at 12o of rotation was still strong 
(rs = 0.89), as Figure 5.19 shows, it is doubtful that this parameter would be as relevant as 
the torque reached by 3o or 6o as an indicator of ACL injury risk. Consequently, it was not 
analysed any further. 
 
 
Figure 5.19: Scatterplot graph showing correlation between rotational stiffness and the torque 
reached by 12o of rotation, from 384 UB Turf Tester assessments on natural turf 
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Rotational stiffness vs angle of rotation to reach 35 Nm 
Cadaver studies had shown that the ACL failure torsion was as low as 35 Nm (Meyer et 
al., 2008; Shoemaker et al., 1988). If this level of torque was reached at very low angles 
of rotation then this parameter might be relevant and valid for comparing the rotational 
traction of different treatments. There was a very strong negative correlation (rs = - 0.96) 
between rotational stiffness and the angle of rotation required to reach 35 Nm, as shown 
on Figure 5.20, so this could prove a useful parameter in future research.  
 
Figure 5.20: Scatterplot graph showing correlation between rotational stiffness and the angle of 
rotation required to reach 35 Nm of torque, from 340 UB Turf Tester assessments on natural turf 
 
Note: These data excluded 44 tests (out of 384) where a torque of 35 Nm was not reached.  
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Rotation stiffness vs angle of rotation to reach 25 Nm 
Traction tests where the peak torque did not actually reach 35 Nm could not be 
represented in the previous parameter. It could be argued that such results are of no 
concern in any case, but it might be informative to retain and analyse those low traction 
results. The linear correlation between rotational stiffness and angle of rotation required 
to reach 25 Nm was very strong (rs = - 0.981), as shown in Figure 5.21, suggesting this 
parameter could be useful. 
 
Figure 5.21: Scatterplot graph showing correlation between rotational stiffness and the angle of 
rotation required to reach 25 Nm torque, from 372 UB Turf Tester assessments on natural turf 
 
The next phase was to evaluate the usefulness of each of these parameters when subjected 
to statistical analysis. The torque reached by 3o or 6o of rotation and the angle of rotation 
required to reach 25 Nm or 35 Nm was calculated for each of 240 individual UB Turf 
Tester assessments on replicated turf plots. The experimental design and methods for 
these plots are detailed in the next experiment (Question 3); at this stage the data were 
simply being used to road-test each parameter.  
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Data for each of these parameters were subjected to two-way ANOVA, and LSD values 
calculated at an alpha level of 0.05. When this was done, usually if there was a significant 
difference between grass treatments for one parameter, it would be found for all 
parameters. In no instance was a significant difference between treatments found for 
torque reached by 3o or 6o, or angle required to reach 25 Nm or 35 Nm, when it was not 
also found for rotational stiffness. However, in some instances there was a significant 
difference between treatments for rotational stiffness, but not for the other parameters. 
This suggested that rotational stiffness was more consistently representative of the 
rotational traction properties of a grass sample, possibly because it was calculated from 
twelve datum points, not one, and less susceptible to random fluctuation. All of these 
parameters are highly correlated, and all appear relevant to the ACL injury mechanism, 
but there seemed no reason to analyse all of them when rotational stiffness, on its own, 
was sufficient.  
Having made the decision to use rotational stiffness as the main parameter of rotational 
traction, it was decided to nominate a potentially hazardous threshold. ACL injury occurs 
very soon after footstrike, probably in the range of 50 – 250 milliseconds after ground 
contact (Grund et al., 2010), and the torsion leading to failure of cadaver knee ligaments 
probably starts in the range 35 – 40 Nm ( Meyer et al., 2008; Shoemaker et al., 1988). A 
rotational stiffness of 6 Nm/deg indicates that a torque of 36 Nm would be reached in 6o 
of rotation (i.e. 193 ms into the rotation, using the UB Turf Tester), so this is flagged as a 
threshold value for ACL injury risk. The literature also flags peak torque values in excess 
of 75 Nm as unacceptably high (Chivers & Aldous, 2003), so that will be noted as well.  
With these considerations in mind, it was decided to compare the agronomic treatments in 
the further experiments in this thesis using the parameters of peak torque and rotational 
stiffness.  
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Conclusions 
If different grasses and agronomic conditions are to be meaningfully compared for their 
potential ACL injury risk from high rotational traction, then it is essential that the 
parameters for comparison have apparent validity, and good relevance to the mechanism 
of injury. Rotational stiffness, defined as the slope of the line of best fit in the 0 – 6o phase 
of the torque vs rotation angle regression, matches the timeframe implicated in ACL 
injury and the concept of foot fixation. As well as apparent validity and relevance, it has 
two other advantages. First, the 0 – 6o phase of the graph is consistently highly linear on 
natural turf. Second, the parameter derives from twelve datum points rather than just one.   
If rotational stiffness is accepted as a valid parameter for injury risk, then other 
parameters that are closely correlated with it may also be valid. However, for the purpose 
of the experiments in this thesis none of these related parameters appeared to offer greater 
insight into the difference between the treatments, or a greater chance of revealing 
significant difference between the treatments, than rotational stiffness on its own. 
Consequently, it was decided to only continue with comparisons of rotational stiffness.  
A boot-surface rotational stiffness of 6 Nm/deg or more is identified as having high 
rotational traction, and therefore high ACL injury risk. A second indicator of excessive 
rotational traction is where peak torque values exceed 75 Nm (Chivers & Aldous, 2003).  
Peak torque had a strong, but not a very strong correlation with rotational stiffness. As 
peak torque occurs at relatively high rotation angles, its apparent validity and relevance is 
considered to be lower than rotational stiffness. However, peak torque is widely measured 
and interpreted in research and in practice, so it is considered necessary to include it in 
treatment comparisons for that reason alone.   
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Question 3: Are there significant differences in peak torque and 
rotational stiffness between various turfgrass species? 
 
Rationale: While other researchers have compared rotational traction values of various 
turfgrasses, generally these comparisons have been within the C3 grasses (e.g. Canaway, 
1983; McNitt, Waddington & Middour, 1997; McNitt, Landschoot & Waddington, 2004) 
or within the C4 grasses (e.g. Roche et al., 2008). The literature directly comparing the 
rotational traction of perennial ryegrass with couchgrass is limited to one non peer-
reviewed report (Otago et al., 2007), where couchgrass had a consistently higher peak 
torque (mean 47.5 Nm, range 42 – 51 Nm) over the winter months compared to perennial 
ryegrass (mean 37.6 Nm, range 34 – 47 Nm). The SBA device used by Otago and 
colleagues was fitted with a ‘grip logger’ to capture torque vs angle of rotation data, and 
despite the fact that the C3 grasses had consistently lower peak torque than C4 grasses, 
they frequently reached 30 Nm, 35 Nm or 40 Nm at lower rotation angles compared to the 
C4 grasses (Otago et al., 2007). These findings were limited by the fact that the traction 
tests were on intra-plot replicates, and no data were provided on the age, thatch depth, 
surface hardness or moisture content between treatments. Given that couchgrass and 
perennial ryegrass are the two main choices for football grounds in southern Australia, 
and that they differ greatly in their sustainability, and the finding by Orchard of a higher 
risk of ACL injury risk on couchgrass compared to perennial ryegrass, and his 
recommendation that perennial ryegrass be used in preference to couchgrass wherever 
possible (Orchard, 2005), it was essential that a more robust comparison of rotational 
traction be undertaken. The aim of this experiment was to quantify and compare the peak 
torque and rotational stiffness of the main turfgrass choices for southern Australian 
football fields, with particular focus on perennial ryegrass in comparison with couchgrass.  
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Materials and methods 
Replicated plots of the test species (Table 5.4), were established in early 2010 at the PGG 
Wrightson Seeds research station at Leigh Creek, near Ballarat, Victoria (south-eastern 
Australia, 38oS, 144oE). Plots were 2.4 m x 2 m in size, with four replicates on a 
randomised complete block design. The soil was a uniform Red Ferrosol clay (Isbell, 
2002) with a pH of 6.0.    
Table 5.4: Treatment species sown for rotational traction testing, Leigh Creek 
    
Treatment Varieties 
Perennial ryegrass blend Colosseum, Arena 1, Tambour 
Tall fescue blend Rebel IV, Mustang IV 
Kentucky bluegrass Brooklawn 
Common couch Sovereign 
Hybrid couch Santa Ana 
Kikuyu Regal Staygreen 
Seashore Paspalum SeaSpray 
Poa annua Local 
Hybrid couch oversown with Poa Santa Ana/local Poa 
 
The Poa annua treatments were sown in May 2010 from seed collected from the site the 
previous November. Poa was sown as a single species treatment, and also oversown into a 
set of Santa Ana couchgrass plots as an overseeded treatment. The Poa annua biotype 
was a synchronised winter annual type. Two applications of 12N-5P-24K fertilizer at 200 
kg/ha were applied during the establishment phase. Successful establishment of plots was 
completed by May 2010, with the exception of the plots containing Poa annua, which 
were not well established until June. Plots were mown weekly at a height of 25 mm, and a 
20N-0P-16K fertilizer was applied monthly at a rate of 60 kg/ha. Irrigation was applied as 
required to promote grass health and avoid heat or drought stress. The irrigation system 
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had a coefficient of uniformity of 92%, ensuring that all plots were evenly irrigated. An 
application of broadleaf herbicide (MCPA) and an application of insecticide (cyfluthrin) 
were required in April 2010. With the exception of plots where Poa annua was part of the 
treatment, the couchgrass plots were treated with trifloxysulfuron in May 2010 and 2011 
for Poa control, and the cool season grass plots were treated with ethofumesate at the 
same time, with a repeat application in late June. The plots were not exposed to traffic 
except for mowing. No dethatching treatments were conducted during the testing period.  
Nine assessments were conducted at approximately six week intervals from December 
2010 until December 2011. Three subsample tests of traction, thatch depth, surface 
hardness and volumetric soil moisture were conducted on each plot at least 30cm from the 
plot edge. Rotational traction was assessed using the UB Turf Tester fitted with 6 x 17 
mm long studs, which is the usual stud length for testing Australian football fields. 
Hardness was measured by CIST (2.25 kg x 45.7 cm, 1st drop). Thatch depth was 
measured using a digital caliper. Volumetric moisture content of the profiles to a depth of 
60 mm, which included the thatch layer, was assessed by Theta probe. In the initial 
assessment a racetrack penetrometer was used to characterise compaction, but the lack of 
repeatability of this tool led to it being discontinued, and no data were presented. 
Assessments were conducted within 48 hours of irrigation or significant rainfall to 
minimise variation in hardness and soil moisture between treatments and between 
assessment dates. In all cases, the surface foliage was dry at the time of testing.  
Analysis of covariance (ANCOVA, SPSS Inc., Chigago, IL.,Version 18) was used to 
investigate the significance of effects on the variables peak torque and rotational stiffness, 
with the turfgrass species and assessment dates as factors, and CIST hardness, soil 
moisture and thatch depth as covariates. Significance was assessed by F value (compared 
256 
 
to critical F value for significance), P value and partial eta-squared values (ηρ2). Partial 
eta-square values are interpreted as: less than 0.009 = negligible effect, 0.010 – 0.089 = 
small effect, 0.090 - 0.249 = medium effect and greater than 0.250 = large effect (Cohen, 
1988).  Where the ANCOVA indicated that significant differences existed in overall peak 
torque or rotational stiffness between turfgrass species, the data were subjected to two-
way ANOVA (Microsoft Excel 2010) for each assessment date, and least significant 
difference values calculated at an alpha level of 0.05, using the formula  LSD = t within df  *  
(2 * MS within / n reps) 0.5 (Sokal & Rohlf, 1995). 
 
Results and discussion 
The kikuyu, seashore paspalum and common couch plots did not endure the 2010 winter 
with adequate coverage, so these species are not included in results and discussion to 
follow. These three species are not usually grown in the Ballarat area, which appears to be 
outside their range of adaptation. The remaining turfgrass treatments maintained 100% 
cover and high visual quality and density for the duration of the trial. Hybrid couchgrass 
was completely dormant from July to September, recovering from dormancy during 
October. Perennial ryegrass, tall fescue and Kentucky bluegrass were active and green all 
through the year. The Poa annua treatments germinated in May, 2011 and were 
established well enough to be included in the data collected in July, September and 
November.  There was an unacceptably high variation in soil moisture content and 
hardness between treatments in the February 2011 assessment, due to the tests being 
conducted too long after the previous rainfall, so these data have not been included. With 
the February 2011 data removed, ANCOVA analysis of data for the four main turfgrass 
treatments (couchgrass, perennial ryegrass, tall fescue and Kentucky bluegrass) from the 
remaining eight assessment dates were analysed.  
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There was no significant overall effect on peak torque from CIST hardness (F1,437 = 2.1, 
Fcrit = 3.9, P = 0.151, ηρ2 = 0.005), soil moisture (F1, 437  = 1.9, Fcrit = 3.9, P = 0.173, ηρ2 = 
0.005) or thatch depth (F1,437  = 3.5, Fcrit = 3.9, P = 0.061, ηρ2 = 0.009). Similarly, there 
was no significant overall effect on rotational stiffness from CIST hardness (F1,437 = 1.7, 
Fcrit = 3.9, P = 0.187, ηρ2 = 0.004), soil moisture (F1,437  = 1.0, Fcrit = 3.9, P = 0.327, ηρ2 = 
0.002) or thatch depth (F1,437  = 0.3, Fcrit = 3.9, P = 0.571, ηρ2 = 0.001). In short, hardness, 
soil moisture and thatch depth were well controlled throughout the assessment series and 
had no significant effect on either peak torque or rotational stiffness in the overall 
comparisons between species or dates of assessment.   
There were, however, significant effects on peak torque due to species type (F5, 437 = 12.0, 
Fcrit = 2.2, P < 0.001, ηρ2 =0.131) and date of assessment (F5, 437  = 21.5, Fcrit = 2.0, P < 
0.001, ηρ2 = 0.275), and a significant species x date interaction (F23,437  = 2.7, Fcrit = 1.6, P 
< 0.001, ηρ2 = 0.133). With respect to rotational stiffness, there were significant effects 
due to species type (F5, 437  = 6.4, Fcrit = 2.2, P < 0.001, ηρ2 = 0.074) and date of assessment 
(F5, 437  = 9.2, Fcrit = 2.0, P < 0.001, ηρ2 = 0.140), and a significant species x date 
interaction (F 23,437 = 1.7, Fcrit = 1.6, P = 0.020, ηρ2 = 0.091). The partial Eta-squared 
values indicated that date of assessment through the year had a greater influence on peak 
torque and rotational stiffness than species type.  
The influence of date of assessment will be examined in the next section; the focus of this 
current section is the comparison between species.  The data for each assessment date are 
presented in Tables 5.5 – 5.12. Potentially high ACL injury risk values are highlighted in 
red, where mean peak torque exceeds 75 Nm or mean rotational stiffness exceeds 6 
Nm/deg. LSD values listed as NS indicates there was no significant difference between 
the turfgrasses for that parameter.   
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Assessment 1: December 2010 
 
The first assessment was conducted on 5th December 2010, when the plots were between 
9 - 11 months old.  The data are presented in Table 5.5.  
Table 5.5: Mean rotational traction, hardness, moisture and thatch, December 2010  
            
5th December 2010 Couch Perennial Ryegrass 
Tall 
Fescue 
Kentucky 
Bluegrass 
LSD         
(P = 0.05) 
Peak torque   (Nm) 46.5 a 49.1 a,b 45.6 a 55.3 b 7.7 
Rotational Stiffness (Nm/deg) 4.92 a 6.02 b 4.67 a 6.78 b 0.86 
CIST Hardness (g) 70  70  70 71  NS 
Vol. soil moisture (%) 39  39  39  39  NS 
Thatch depth (mm) 11 11  10 10 NS 
 
Kentucky bluegrass had the highest peak torque, which was not significantly higher than 
perennial ryegrass but was significantly higher than tall fescue and couchgrass. There was 
no significant difference in peak torque between perennial ryegrass and the other three 
grasses. Perennial ryegrass and Kentucky bluegrass had rotational stiffness values in 
excess of 6 Nm/deg, and both were significantly higher than tall fescue and couchgrass.  
There was no significant difference in peak torque between perennial ryegrass (49.1 Nm) 
and couchgrass (46.5 Nm). However, despite a relatively low peak torque, at this 
assessment perennial ryegrass had an excessively high rotational stiffness (6.02 Nm/deg), 
which was significantly higher than couchgrass (4.92 Nm).   
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Assessment 2: 17th January 2011  
As shown in Table 5.6, there was no significant difference between the turfgrasses in 
rotational stiffness, although the value for Kentucky bluegrass exceeded 6 Nm/deg. There 
was an increase in rotational stiffness of couchgrass and tall fescue between this 
assessment and the previous December, and a substantial increase in couchgrass peak 
torque compared to the previous December. This could be due to the improved 
temperature conditions for growth, especially root growth, over that six week period. 
Table 5.6: Mean rotational traction, hardness, moisture and thatch values from 17th January 2011: 
            
17th January 2011 Couch Perennial Ryegrass 
Tall 
Fescue 
Kentucky 
Bluegrass 
LSD              
(P = 0.05) 
Peak torque (Nm) 69.4 b 49.3 a 56.1 a,b 56.3 a,b 15.0 
Rotational Stiffness (Nm/degree)  5.56 5.81  5.57  6.01 NS 
CIST Hardness (g) 70  74  72 73  NS 
Vol. soil moisture (% v/v) 38  37  35  35 NS 
Thatch depth (mm) 12 12 11 12 NS 
 
Couchgrass had the highest peak torque, but it was not significantly higher than tall 
fescue or Kentucky bluegrass. However, it was significantly higher than perennial 
ryegrass and the mean difference between these two grasses (20 Nm) was the highest 
difference in peak torque between these two grasses out of all assessment dates. Despite 
the significantly higher peak torque for couchgrass (69.4 Nm) compared to perennial 
ryegrass (49.3 Nm), perennial ryegrass had a higher rotational stiffness than couchgrass, 
although the difference was not significant.   
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Assessment 3: 23rd April 2011 
At this assessment tall fescue had a significantly lower CIST hardness compared to 
couchgrass and perennial ryegrass (Table 5.7). This was not due to any difference in soil 
moisture or thatch depth, and is possibly an artifact of the CIST test using a 2.25kg 
hammer. Tall fescue has stiffer, more upright foliage than the other species. The effect of 
this reduction in hardness on rotational traction is unknown, but partial Eta squared values 
in the overall ANCOVA analysis indicated that its influence in this data series was small. 
Gibbs et al (1989) and Henderson et al (2007) reported low or no correlation between 
hardness and traction. Therefore, it appears valid to compare the peak torque and 
rotational stiffness values of tall fescue to the other species.  
Table 5.7: Mean rotational traction, hardness, moisture and thatch values from 23rd April 2011: 
            
23rd April 2011 Couch Perennial Ryegrass 
Tall 
Fescue 
Kentucky 
Bluegrass 
LSD            
(P = 0.05) 
Peak torque   (Nm) 68.9 b,c 64.8 a,b 62.3 a 69.9 c 4.3 
Rotational Stiffness (Nm/deg) 5.12 a 6.98 c 5.37 a 6.42 b 0.48 
CIST Hardness (g) 85 a,b 86 b 74 a 85 a,b 11 
Vol. soil moisture (%) 40  39  40  39 NS 
Thatch depth (mm) 13  12 11 13  NS 
 
Kentucky bluegrass had significantly higher peak torque than perennial ryegrass and tall 
fescue. Kentucky bluegrass and perennial ryegrass had rotational stiffness values flagged 
as excessively high, in both cases significantly higher than couchgrass and tall fescue.  
Perennial ryegrass had significantly higher rotational stiffness than couchgrass, despite 
there being no significant difference in peak torque between the species.  
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Assessment 4:  2nd June 2011 
 
By this assessment, couchgrass growth had slowed dramatically and lost some colour 
with the onset of winter dormancy. Poa annua had germinated in its treatment plots, but 
its establishment was too immature to consider traction assessments at this stage. Results 
from this assessment are shown in Table 5.8.  
Table 5.8: Mean rotational traction, hardness, moisture and thatch values from 2nd June 2011:  
            
2nd June 2011 Couch Perennial Ryegrass 
Tall 
Fescue 
Kentucky 
Bluegrass 
LSD            
(P = 0.05) 
Peak torque   (Nm) 75.3 c 65.7 a,b 61.7 a 68.3 b 5.3 
Rotational Stiffness (Nm/deg) 5.86 a 6.99 b 5.87 a 6.63 b 0.68 
CIST Hardness (g) 75 b 80 b 64 a 76 b 5 
Vol. soil moisture (%) 40 40  40  39  NS 
Thatch depth (mm) 12 12 12 13 NS 
 
 
There were no significant differences in soil moisture or thatch depth between treatments. 
As in the previous assessment, tall fescue again had significantly lower surface hardness 
than the other grasses, but it is still considered valid to compare its peak torque and 
rotational stiffness to the other species.   
Couchgrass had significantly higher peak torque than the other three grasses, and was at a 
level considered to be excessively high. Despite this, perennial ryegrass and Kentucky 
bluegrass both had significantly higher rotational stiffness than couchgrass, and were at 
levels flagged as potentially hazardous for ACL injury. 
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Assessment 5: 31st July 2011 
Couchgrass was completely dormant at this assessment. Poa annua was vigorous and 
provided a complete, uniform sward in the plots it had been sown into, and was included 
for the first time in these assessments. All other grasses presented a high quality surface, 
but their growth rate had slowed dramatically with the onset of mid-winter conditions. 
The surface was well drained and firm, as evident by the CIST values. At this assessment 
there were some significant differences in CIST hardness between treatments, although 
the overall range was quite low (68 – 80 g) and would not unduly influence rotational 
traction comparisons. There were no significant differences in soil moisture between 
treatments. There were no significant differences in thatch depth, with the exception of 
the newly-established Poa annua treatment, which had a significantly lower thatch depth 
and the lowest mean peak torque (Table 5.9). 
Table 5.9: Mean rotational traction, hardness, moisture and thatch values from July 2011:   
                
31st July 2011 Couch Perennial Ryegrass 
Tall 
Fescue 
Kentucky 
Bluegrass 
Poa 
annua 
Couch 
+ Poa 
LSD        
(P = 0.05) 
Peak torque   (Nm) 58.4 b 45.8  a 44.9 a 56.0 b 43.3 a 63.3 b 9.0 
Rot. stiff. (Nm/deg) 4.34 a 4.85 a,b 4.40 a 5.63 a,b 5.19 a,b 6.01 b 1.33 
CIST Hardness (g) 74 c 77 c,d  69 a,b  80 d 73 b,c  68 a  4 
Vol. soil moisture (%) 41  40 40 40 40 40 NS 
Thatch depth (mm) 13 b 14 b 13 b 13 b 8 a 14 b 1 
 
Kentucky bluegrass, couchgrass on its own and couchgrass oversown with Poa annua all 
had significantly higher peak torque compared to perennial ryegrass, tall fescue and Poa 
annua on its own. Couchgrass oversown with Poa annua had the highest mean peak 
torque, and a significantly higher rotational stiffness (6.01 Nm/deg) than couchgrass on 
its own or tall fescue. Couchgrass had significantly higher peak torque than perennial 
ryegrass, but there was no significant difference in rotational stiffness between them.  
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Assessment 6: 21st September 2011  
Couchgrass was still quite dormant at this assessment. The other grasses had recovered 
full activity, with growth rates several times higher than their mid-winter minima. Poa 
annua had numerous seedheads but was still very dense and vigorous. Poa annua on its 
own had significantly less thatch and higher hardness than perennial ryegrass and 
Kentucky bluegrass. The couch/Poa blend had significantly more thatch than either Poa 
annua or couchgrass on their own. There were also some small but significant differences 
in CIST hardness between species. These differences in thatch and hardness would not 
invalidate the comparison of rotational traction between the species, due to their low 
influence, as shown earlier by their partial Eta square values.   
Table 5.10: Mean rotational traction, hardness, moisture and thatch values from Sept 2011:  
                
21st September 2011 Couch Perennial Ryegrass 
Tall 
Fescue 
Kentucky 
Bluegrass 
Poa 
annua 
Couch 
+ Poa 
LSD       
(P = 0.05) 
Peak torque   (Nm) 68.3 b,c 68.8 b,c 61.4 b 69.1 b,c 48.3 a 75.4 c 9.4 
Rot. Stiff (Nm/deg) 6.34 a 8.35 c 6.06 a 7.36 b 6.06 a 7.89 b,c 0.93 
CIST Hardness (g) 73 a,b 78 b 74 a,b 77 b 70 a 73 a,b 5 
Vol. soil moisture (%) 38  38  37  36  36  36  NS 
Thatch depth (mm) 13 a,b 14 b,c 14 b,c 14 b,c 12 a 15 c 1 
 
Poa annua on its own had significantly lower peak torque than the other grasses, and the 
surface appeared to be easily disrupted by the traction test, in contrast to the other grasses 
(Figures 5.22 – 27). The Couchgrass/Poa annua mix had the highest peak torque of all 
treatments, and was above the acceptable level of 75 Nm. Perennial ryegrass had 
significantly higher peak stiffness than all other treatments with the exception of the 
Couchgrass/Poa annua mix. Although there was no difference in peak torque between the 
two species, perennial ryegrass had significantly higher rotational stiffness compared to 
couchgrass.   
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Figure 5.22: Poa annua                                                      Figure 5.23: Tall fescue 
 
 
 
 
 
 
 
Figure 5.24: Kentucky bluegrass                                    Figure 5.25: Perennial ryegrass  
 
 
 
 
 
 
 
 
Figure 5.26: Hybrid couchgrass                               Figure 5.27: Couchgrass-Poa annua blend 
Figures 5.22-27: Photographs of each species immediately after traction tests on 21 September 
2011, showing the degree of surface disturbance from the UB Turf Tester.   
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Assessment 7: 4th November 2011 
In the November assessment, all grasses were actively growing and presented a high 
quality surface with the exception of Poa annua, either in its specific plot or in plots 
where it was oversown into couchgrass. Most Poa annua tillers had produced seedheads 
which were rapidly maturing, so the density and visual quality of those plots had declined 
dramatically. Poa annua had a significantly lower thatch depth compared to the 
couch/Poa blend, but there was no significant difference in thatch between those two 
treatments and the four main species. Poa annua had the lowest peak torque, but despite 
the rapid maturing of the seedheads, its traction had increased from the mid-winter period 
when it was in a purely vegetative state. Despite having a lower peak torque than the 
other grasses, the rotational stiffness of Poa was high, and not significantly different to 
any of the other treatments, all of which were very high (Table 5.11).  
Table 5.11: Mean rotational traction, hardness, moisture and thatch values from 4th Nov 2011:  
                
4th Nov 2011 Couch Perennial Ryegrass 
Tall 
Fescue 
Kentucky 
Bluegrass 
Poa 
annua 
Couch 
+ Poa 
LSD      
(P = 0.05) 
Peak torque   (Nm) 80.9 e 67.0 b,c 62.8 a,b 72.6 d 57.3 a 71.0 c,d 5.5 
Rot. Stiff. (Nm/deg) 7.13 b 7.46 b 6.35 a 6.84 a,b 6.97 a,b 6.37 a 0.67 
CIST Hardness (g) 63 a,b,c 65 b,c 58 a 63 a,b,c 68 c 60 a,b 5 
Vol. soil moisture (%) 39 40 41 39 39 40 NS 
Thatch depth (mm) 14 a,b 15 a,b 15 a,b 15 a,b 13 a 16 b 2 
 
The peak torque of couchgrass was significantly higher than all other species, and 
exceeded the acceptable level of 75 Nm. However, there was no significant difference in 
rotational stiffness between couchgrass, perennial ryegrass, Kentucky bluegrass and Poa 
annua. All treatments had rotational stiffness means in excess of the nominated hazard 
level of 6 Nm/deg in this late spring assessment.   
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Assessment 8: 20th December 2011 
By December, Poa annua had seeded and completed its life cycle, so traction assessments 
were not made of its specific plots or the plots where it had been overseeded into 
couchgrass. The remaining grasses were actively growing and presented a high quality 
surface. Kentucky bluegrass peak torque exceeded the acceptable level of 75 Nm, and 
was significantly higher than perennial ryegrass and tall fescue. All four species had 
rotational stiffness levels in excess of 6 Nm/deg, and there was no significant difference 
between them.  
Table 5.12: Mean rotational traction, hardness, moisture and thatch values, December 2011: 
20th December 2011 Couch Perennial Ryegrass 
Tall 
Fescue 
Kentucky 
Bluegrass 
LSD         
(P = 0.05) 
Peak torque   (Nm) 70.3 a,b 68.5 a 67.1 a 75.6 b 6.8 
Rotational Stiffness (Nm/deg) 6.84  7.41  6.52  7.23  NS 
CIST Hardness (g) 63  65  60  64  NS 
Vol. soil moisture (%) 40  39 40 39  NS 
Thatch depth (mm) 16  15  15  15  NS 
 
Discussion: comparison of rotational traction between turfgrass species 
 
Tall fescue: Whenever significant differences in mean peak torque or rotational stiffness 
were found, tall fescue was always in the lowest group, with the exception of the 
September assessment, when Poa annua had a significantly lower peak torque. Tall 
fescue rotational stiffness exceeded 6 Nm/deg on three assessment dates, so its traction is 
not exceptionally low, but it was mostly in the lowest group of the turfgrasses tested. Tall 
fescue is not commonly used on sportsfields in Australia due to its slow establishment 
rate and unsuitability to the lower mowing heights required on grounds hosting cricket in 
the summer.  
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Couchgrass: The peak torque of couchgrass was significantly higher than tall fescue on 
four assessment dates, but never significantly lower than it. Its rotational stiffness was 
greater than tall fescue on one occasion, but on the other seven assessments there was no 
significant difference between the two grasses. Couchgrass had significantly higher mean 
peak torque than Kentucky bluegrass on two assessment dates, and significantly lower 
than it on one assessment date. Couchgrass rotational stiffness was significantly lower 
than Kentucky bluegrass on four assessment dates, and never significantly higher than it. 
Couchgrass peak torque was significantly higher than perennial ryegrass on four out of 
eight assessment dates, and never significantly lower than it. However, couchgrass 
rotational stiffness was significantly lower than perennial ryegrass on four assessment 
dates, and at no time was the rotational stiffness of couchgrass higher than perennial 
ryegrass. In the April and June assessments, couchgrass had significantly higher mean 
peak torque than perennial ryegrass, but significantly lower mean rotational stiffness than 
it. This finding raises the essential point of what parameter of rotational traction is the 
more valid and relevant, as there is a contradiction between them. In an earlier section in 
this chapter, it was proposed that rotational stiffness is the more valid and relevant 
parameter for injury risk. On this evidence, couchgrass does not create a higher rotational 
traction than perennial ryegrass, in fact it provides lower rotational traction.  
Perennial ryegrass mean peak torque values were only significantly higher than Poa 
annua in the September and November assessments. When compared to the four main 
turf species, on all assessment dates the mean peak torque of perennial ryegrass was in the 
lowest group, and on no occasion was its peak torque significantly higher than 
couchgrass, tall fescue or Kentucky bluegrass. Yet perennial ryegrass had the highest 
mean rotational stiffness of all treatments on five out of the eight assessments, including 
the highest mean value of the whole trial (8.35 Nm/deg in September), and had rotational 
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stiffness values in excess of 6 Nm/deg on six out of eight assessment dates. Perennial 
ryegrass had significantly higher rotational stiffness compared to tall fescue on five 
assessment dates, compared to Kentucky bluegrass on two assessment dates and 
compared to couchgrass on four assessment dates.  
Kentucky bluegrass is frequently used on football surfaces in the temperate zones of 
North America. This grass had a significantly higher mean peak torque than couchgrass 
on one occasion, and a significantly lower mean peak torque than it on two occasions. 
Kentucky bluegrass had significantly higher mean rotational stiffness than couchgrass on 
four occasions. When compared to perennial ryegrass, Kentucky bluegrass had 
significantly higher mean peak torque than it on two occasions, but a significantly lower 
mean rotational stiffness than perennial ryegrass on two occasions. In the April 
assessment the mean peak torque of Kentucky bluegrass was significantly higher than 
perennial ryegrass, but its mean rotational stiffness was significantly lower than it. At no 
time was the mean rotational stiffness of Kentucky bluegrass significantly higher than 
perennial ryegrass.  
Poa annua: For the three assessments where Poa was included (July, September and 
November), it was in the lowest group for peak torque and rotational stiffness, although 
its rotational stiffness did exceed 6 Nm/deg in September and November.  
Couchgrass-Poa annua: For the three assessments where this blend was included (July, 
September and November), it was in the highest group for peak torque and in the highest 
group for rotational stiffness in July and September. This grass combination has been 
implicated in higher ACL injury risk (Chivers, 2008). An area of Subiaco Oval (Perth, 
Western Australia), popularly christened ‘cruciate corner’ in the 1990s, was a blend of 
couchgrass and Poa annua at that time, as were the surfaces of the Sydney Cricket 
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Ground, the Gabba (Qld) and Football Park (Adelaide). All of these were reported to have 
a higher rate of ACL injury than Melbourne grounds during that period (Chivers, 2008). 
These findings suggest that the couchgrass/Poa combination could be associated with a 
higher risk of ACL injury in Australian footballers. However, at no time was the 
rotational stiffness of the couchgrass-Poa annua blend significantly higher than perennial 
ryegrass, and in fact was significantly lower than it at the November assessment.  
 
Conclusion 
This is the first study to provide a direct, empirical comparison of the peak torque and 
rotational stiffness of the major sportsfield turfgrasses from replicated plots controlled for 
age, soil type and soil moisture. The assessments were repeated over a full year, which is 
important as rotational traction appears to vary considerably through the season. The 
results show that there are significant differences between the turfgrasses in their peak 
torque and rotational stiffness. All of the species tested did, at times, have rotational 
stiffness levels that are undesirably high (i.e. greater than 6 Nm/deg when tested with 17 
mm studs). Perennial ryegrass frequently had a relatively low peak torque but a relatively 
high rotational stiffness. Couchgrass, on the other hand, frequently had a relatively high 
peak torque but a relatively low rotational stiffness. This thesis has proposed that 
rotational stiffness is the more valid and relevant parameter of the two, and consequently 
this trial concludes that, overall, couchgrass does not have higher rotational traction than 
perennial ryegrass. Consequently, there appears no reason to recommend against its use 
on football grounds on the basis of high rotational traction. This contradicts the 
recommendation of Orchard (2005) that perennial ryegrass be used, wherever possible, in 
preference to couchgrass.   
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Question 4: Does rotational traction vary through the year? 
 
Rationale: Statistical analyses in the previous section showed that CIST hardness, soil 
moisture or thatch depth had no significant overall effect on the peak torque or rotational 
stiffness values of the four main turfgrass species in the eight assessments on the Leigh 
Creek replicated plots. However, there were significant effects due to species type, as 
presented and discussed in the previous section, and also from the date of assessment. 
Date of assessment had a significant effect on peak torque (F7,437 = 21.5, Fcrit = 2.0, P < 
0.001, ηρ2 = 0.275) and on rotational stiffness (F7,437  = 9.2, Fcrit = 2.0, P < 0.001, ηρ2 = 
0.140), and a greater influence on peak torque and rotational stiffness than species type. It 
seems likely that seasonal effects, perhaps on plant vigour and root growth, have an 
influence on rotational traction. It was beyond the scope of this thesis to explore this 
further. The aim of this chapter is to explore strategies and provide practical 
recommendations to avoid excessive boot-surface rotational traction, and potentially 
reduce ground-related ACL injury risk. To that end, if the difference in rotational traction 
on a field through a season is higher than the difference between any two turfgrass 
species, it makes little sense to recommend for or against any particular species. This 
section presents the peak torque and rotational stiffness data for each species over the full 
year to highlight the extent of seasonal variability in comparison to the variability 
between species.  
 
Materials and methods 
The materials and methods for this sub-study are identical to that described in the 
previous section. This current section presents the data as an annual summary, to indicate 
trends and the extent of the variability due to date of assessment.  
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Results and discussion   
The mean peak torque of the turfgrass species for each assessment date over the full year 
is depicted in Figure 5.28. The February data were omitted as the soil moisture and 
hardness was not consistent with the other assessment dates.  
 
Figure 5.28: Mean peak torque values for grass species over one year 
 
The range in mean peak torque over the year was 47 – 81 Nm for couchgrass, 49 – 69 Nm 
for perennial ryegrass, 46 – 67 Nm for tall fescue and 55 – 77 Nm for Kentucky 
bluegrass. The greatest difference in peak torque between the four perennial species on 
any one assessment date was 20 Nm, between couchgrass and perennial ryegrass in 
January. So, peak torque varied more within each species over time than between any two 
species at any one time.   
Table 5.13 presents the data in tabular form. The full year average peak torque is also 
presented, although this was not analysed for significance due to the uncontrolled and 
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potentially confounding effect of season. When averaged over a full year, there was very 
little difference in peak torque between species.   
Table 5.13: Mean peak torque of grass species over a one-year period. Within an assessment date, 
means between species followed by the same letter subscript were not significantly different 
                
Assessment 
date Couch 
Perennial 
Ryegrass 
Tall 
Fescue 
Kentucky 
Bluegrass 
Poa 
annua 
Couch 
+ Poa 
LSD    
(P = 0.05) 
5-Dec-10 46.5 a 49.1 a,b 45.6 a 55.3 b   7.7 
17-Jan-11 69.4 b 49.3 a 56.1 a,b 56.3 a,b   15.0 
23-Apr-11 68.9 b,c 64.8 a,b 62.3 a 69.9 c 
  
4.3 
2-Jun-11 75.3 c 65.7 a,b 61.7 a 68.3 b   
5.3 
31-Jul-11 58.4 b 45.8  a 44.9 a 56.0 b 43.3 a 63.3 b 9.0 
21-Sep-11 68.3 b,c 68.8 b,c 61.4 b 69.1 b,c 48.3 a 75.4 c 9.4 
4-Nov-11 80.9 e 67.0 b,c 62.8 a,b 72.6 d 57.3 a 71.0 c,d 5.5 
20-Dec-11 70.3 a,b 68.5 a 67.1 a 75.6 b   6.8 
Full year 
average 67 60 58 65      
 
There was a noticeable decline in peak torque in mid-winter, followed by a recovery in 
the spring that affected all grasses. This winter reduction was not due to the ground being 
wet or soft, as the area was well drained and the soil moisture and hardness values were 
similar to all other assessment dates. Otago and colleagues noted a similar pattern of 
decline in rotational traction in winter and recovery in the springtime (Otago et al., 2007) 
and also that couchgrass retained high peak torque values through the winter, despite 
being dormant. It is possible that the winter decline in peak torque in all species was due 
to a seasonal effect on plant vigour and root strength. The main period of root 
regeneration for perennial C3 species is the spring, and for the C4 species in the late spring 
and into summer (Fry & Huang, 2004). The ageing and reduced functionality of the root 
system prior to that regeneration could conceivably have the effect of reducing peak 
torque, but it was beyond the scope of this thesis to explore that issue. Couchgrass enters 
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a period of root decline in the late spring, around early November for this variety in 
Ballarat’s climate, but there was no sign of traction diminishing during this period, in fact 
it increased to its highest level in the September and November assessments. At this stage 
the seasonal pattern of couchgrass rotational traction remains unexplained.  
Comparing perennial ryegrass just with couchgrass (Figure 5.29), couchgrass had mean 
peak torque values significantly higher than perennial ryegrass on five out of eight 
assessment dates, and was never significantly lower than it. Over the full year, couchgrass 
had mean peak torque values ranging from 2 Nm lower to 20 Nm higher than perennial 
ryegrass, and an average mean difference over the year 7 Nm higher. 
 
Figure 5.29: Comparison of peak torque of couchgrass and perennial ryegrass through the year.  
NS denotes no significant difference,   * denotes a significant difference.  
Figure 5.30 depicts the rotational stiffness data for all grasses over the full year, with the 
February data excluded. The pattern of behaviour was very similar to that for peak torque, 
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with a marked decline in mid-winter and a rapid recovery in rotational stiffness during the 
spring and early summer.   
 
 
Figure 5.30: Mean rotational stiffness values for grass species over one year 
 
Table 5.14 presents the data in tabular form. The range in mean rotational stiffness over 
the year was 4.34 – 7.13 Nm/deg for couchgrass, 4.85 – 8.35 Nm/deg for perennial 
ryegrass, 4.40 – 6.52 Nm/deg for tall fescue and 5.63 – 7.36 Nm/deg for Kentucky 
bluegrass. The greatest difference between any two species in mean rotational stiffness on 
any single assessment date was 2.29 Nm/deg, between perennial ryegrass and tall fescue 
in September. The variation in rotational stiffness through the year on either perennial 
ryegrass or couchgrass was greater than that between the two species at any one time.  
Over the full year, perennial ryegrass and Kentucky bluegrass had an average rotational 
stiffness higher than couchgrass or tall fescue. Kentucky bluegrass had the most 
consistent rotational stiffness through the year and was only less than 6 Nm/deg at one 
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assessment (July). Perennial ryegrass had the highest mean rotational stiffness value at 
any one assessment (8.35 Nm/deg, in Sept) and equalled or exceeded 6 Nm/deg on six out 
of eight assessments. Perennial ryegrass also demonstrated the highest variation in mean 
rotational stiffness through the year (4.85 – 8.35 Nm/deg).  Couchgrass and tall fescue 
mean rotational stiffness exceeded 6 Nm/deg on only three out of eight assessments. 
Despite low peak torque values, Poa annua had relatively high rotational stiffness. Poa 
annua oversown into couchgrass also had high rotational stiffness.    
Table 5.14: Mean rotational stiffness of grass species over a full year. Within an assessment date, 
means between species followed by the same letter subscript are not significantly different. NS 
indicates no significant difference.  
                
Assessment 
date Couch 
Perennial 
Ryegrass 
Tall 
Fescue 
Kentucky 
Bluegrass 
Poa 
annua 
Couch 
+ Poa 
LSD       
(P = 0.05) 
5-Dec-10 4.92 a 6.02 b 4.67 a 6.78 b   
0.86 
17-Jan-11 5.56  5.81 5.57 6.01   NS 
23-Apr-11 5.12 a 6.98 c 5.37 a 6.42 b   0.48 
2-Jun-11 5.86 a 6.99 b 5.87 a 6.63 b   
0.68 
31-Jul-11 4.34 a 4.85 a,b 4.40 a 5.63 a,b 5.19 a,b 6.01 b 1.33 
21-Sep-11 6.34 a 8.35 c 6.06 a 7.36 b 6.06 a 7.89 b,c 0.93 
4-Nov-11 7.13 b 7.46 b 6.35 a 6.84 a,b 6.97 a,b 6.37 a 0.67 
20-Dec-11 6.84 7.41  6.52  7.23    NS 
Full year 
average 5.8  6.8  5.7  6.6       
 
Perennial ryegrass had significantly higher rotational stiffness compared to tall fescue on 
five assessment dates and compared to Kentucky bluegrass on two assessment dates. At 
no assessment was the mean rotational stiffness of Kentucky bluegrass significantly 
higher than perennial ryegrass. Comparing just perennial ryegrass and couchgrass, 
perennial ryegrass rotational stiffness was significantly higher than couchgrass on four 
assessment dates (Figure 5.31), with a mean difference through the year from 0.2 – 2.1 
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Nm/deg higher than couchgrass, and an average mean difference over the full year of 1.0 
Nm/deg higher. 
 
Figure 5.31: Comparison of mean rotational stiffness of couchgrass and perennial ryegrass. NS 
denotes no significant difference. * denotes a significant difference.  
 
Conclusions 
There was a marked drop in peak torque and rotational stiffness on all grasses in July, and 
a recovery to high values in spring and early summer. This was not due to changes in soil 
moisture or hardness, and is more likely to be due to seasonal effects. The difference in 
peak torque and rotational stiffness on any species through the year was greater than 
between any two species on any particular assessment date. This casts doubt on a strategy 
of proscribing one turfgrass species over another when attempting to avoid a high 
rotational traction outcome and reduce ACL injury risk.  
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Question 5: Is the relationship between rotational stiffness and peak 
torque similar for all four species? 
 
Rationale: As discussed earlier, analysis of the combined data for all four grasses from 
the eight assessments on the Leigh Creek replicated plots found only a moderate 
correlation between rotational stiffness and peak torque (rs = 0.726).  However, it seemed 
that there were differences in this relationship between the grass species. Perennial 
ryegrass appeared to consistently reach high rotational stiffness values at moderate peak 
torques, whereas a couchgrass test could show a high peak torque, but only a moderate 
rotational stiffness. This is possibly due to growth habit differences - perennial ryegrass 
has a vertical orientation of stems, while couchgrass stems are more lateral and prostrate. 
While the real cause is beyond the scope of this thesis, the data might at least demonstrate 
whether there is a different relationship between peak torque and rotational stiffness 
between the four main turfgrass species. The aim of this section was to examine the 
correlation between peak torque and rotational stiffness of the different turfgrasses.  
 
Materials and methods 
Individual test results for each grass from the eight Leigh Creek assessments (n = 96 per 
species) were combined for this analysis. As detailed in Questions 3 and 4, there were no 
significant overall effects on peak torque or rotational stiffness during the trial period due 
to CIST hardness, soil moisture or thatch depth; any such differences were due to species 
type or time of year. The data for each grass species over the eight assessment dates were 
combined and used to calculate a coefficient of determination (R2) value and the slope of 
the peak torque vs rotational stiffness relationship for each species. 
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Results and discussion 
The rotational stiffness vs peak torque relationship for each grass species is presented in 
Figures 5.32 – 5.35.  
 
Figure 5.32: Rotational stiffness vs peak torque relationship for perennial ryegrass.  
 
 
Figure 5.33: Rotational stiffness vs peak torque relationship for tall fescue.  
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Figure 5.34: Rotational stiffness vs peak torque relationship for Kentucky bluegrass.  
 
 
Figure 5.35:  Rotational stiffness vs peak torque relationship for couchgrass.  
 
y = 9.6562x 
R² = 0.4248 
0
10
20
30
40
50
60
70
80
90
100
0 2 4 6 8 10 12
Pe
ak
 to
rq
ue
 (
N
m
) 
Rotational stiffness (Nm/deg) 
y = 11.371x 
R² = 0.2566 
0
20
40
60
80
100
120
0 2 4 6 8 10
Pe
ak
 to
rq
ue
 (
N
m
) 
Rotational stiffness (Nm/deg) 
280 
 
The difference in the relationship between peak torque and stiffness was most evident 
when comparing perennial ryegrass with couchgrass. The ratio of peak torque to 
rotational stiffness was 8.7 for perennial ryegrass, and 11.4 for couchgrass. An 
independent t test showed this difference to be significant. A rotational stiffness value of 
6 Nm/deg would predict a peak torque of 52 Nm on perennial ryegrass, compared to a 
peak torque of 68 Nm on couchgrass. It is possible that this difference is related to growth 
habit; perennial ryegrass has a vertical orientation of stems, whereas couchgrass stems 
(which include stolons and rhizomes) are more lateral. A lateral orientation could allow a 
certain elasticity in the early rotation and, hence, a lower rotational stiffness. At greater 
angles of rotation, however, the elastic limit is reached and the stolons and rhizomes then 
restrict rotation, resulting in a high peak torque. A vertical orientation of growth habit, as 
found in perennial ryegrass, could trap studs and reduce elasticity earlier during the 
rotation.  
This thesis has argued that rotational stiffness is the more relevant parameter of rotational 
traction with respect to foot fixation and ACL injury risk. The differences between 
grasses in their relationship between rotational stiffness and peak torque means that 
comparisons of potential risk based simply on peak torque could be misleading. A 
couchgrass surface and a perennial ryegrass surface with the same peak torque value 
don’t appear to present the same ACL injury risk.  
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Question 6: Is there a significant difference in rotational traction 
between couchgrass varieties? 
 
Rationale: Within any of the four main turfgrass species assessed so far there are many 
different varieties that could be selected. A previous section concluded that there was no 
reason to recommend against the use of couchgrass on football grounds based on its 
rotational traction. However, this conclusion was based on data from just one cultivar of 
hybrid couchgrass (Santa Ana). Other cultivars are available, and some are denser and 
more finely textured, and might have higher rotational traction. The aim of this section 
was to test the hypothesis that there is no significant difference in peak torque or 
rotational stiffness between different couchgrass varieties.   
Materials and methods 
Two trials were conducted to test the rotational traction characteristics of a range of 
couchgrass cultivars on replicated plots. The first trial was sown in December 2008 and 
consisted of seven asexually-propagated couchgrass varieties, and three asexually-
propagated seashore Paspalum varieties, as listed in Table 5.15. The 25 m x 15 m plot 
area consisted of a 250 mm deep sand-based rootzone. Each treatment replicate plot was 
7.5 m x 1.4 m, and each of the ten grasses was replicated three times on a randomised, 
complete block design. The plots were maintained at a mowing height of 6 mm, and all 
grasses were very dense and in excellent condition at the time of testing (December, 
2010). The UB Turf Tester was fitted with 17 mm long studs, and the assessment 
consisted of three peak torque tests on each plot, with the mean of those tests used as the 
peak torque value for that replicate. The data were subjected to a two-way ANOVA test 
for significance, and LSD values were calculated at an alpha level of 0.05.  
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The second trial used the Australian National Turfgrass Evaluation Program (ANTEP) 
couchgrass evaluation plots, established by the ANTEP project officer in January 2010. 
The plots contained eighteen seeded couchgrass varieties, alongside two asexually-
propagated couchgrass varieties, as listed in Table 5.16. The plot area consisted of a 
uniform sand-based profile and each plot was 2 m x 1.5 m, with three replicates in a 
randomised complete block design. The mowing height and management of the plots was 
consistent with a sportsground situation.  A wear-simulator was used on a weekly basis on 
one edge of each plot to compare the wear tolerance and recovery of each variety. At the 
time of testing, the wear treatments had severely reduced above-ground grass cover to 
less than 10%.  Rotational traction tests were conducted on 29th July 2011 (mid-winter), 
using the UB Turf Tester fitted with 17 mm studs. All plots were tested in the unworn 
condition. In addition, two varieties were tested in the worn condition for comparison. 
Three traction tests were done on each plot, with the mean of those tests used as the 
representative value for that replicate. CIST hardness and Theta probe soil moisture 
readings were recorded. Tests were also conducted on a single seashore paspalum plot 
and a single kikuyu/Poa annua plot, that were immediately adjacent to the plot area, and 
also a bare sand plot with no biomass. These plots were not replicated, and were not 
central to the aim of this question, but are included out of general interest. The ANTEP 
project officer’s visual quality and visual density ratings (both on a 0 – 5 scale, where 5 = 
excellent) are included in the results table for each variety. These ratings are the average 
of four assessments from winter and spring 2010 and summer and autumn 2011, and were 
correlated against peak torque and rotational stiffness to test a possible relationship 
between traction and turfgrass quality or density. The data were subjected to an 
ANCOVA, with turfgrass variety as the factor, peak torque and rotational stiffness as 
variables and CIST hardness and soil moisture as covariates.  
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Results and discussion  
Trial 1: All turfgrasses were in excellent condition at the time of testing, with 100% 
coverage of dense, high quality turfgrass. The mean peak torque for each variety is shown 
in Table 5.15.    
Table 5.15: UB Turf Tester peak torque data on couchgrass and Paspalum varieties, Dec 2010. 
Values followed by the same letter superscript are not significantly different (P = 0.05) 
    
Couchgrass varieties Peak Torque (Nm)  
Premier 70 b 
MiniVerde 66 a,b 
TifEagle 66 a,b 
CD 60 a,b 
FloraDwarf 59 a,b 
Tifdwarf 58 a,b 
Santa Ana 57 a 
Seashore Paspalum varieties  
SeaDwarf 59 a,b 
Sea Isle 2000 59 a,b 
Sea Isle Supreme 56 a 
LSD (P = 0.05) 12 
 
There was considerable variation in peak torque values between replicates, resulting in a 
relatively high LSD value. Santa Ana had the lowest peak torque of the couchgrasses, but 
was only significantly different to Premier, the variety with the highest peak torque. The 
Paspalum variety Sea Isle Supreme had the lowest peak torque of all grasses tested, but 
again was only significantly different to the couchgrass variety Premier. The conclulsion 
is that significant differences can occur between couchgrass varieties, but that 
considerable variability in peak torque also existed within varieties.  
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Trial 2: ANTEP plots 
Mean CIST hardness was 68 g (CI 95% = 66.5 – 69.5 g). Mean volumetric soil moisture 
content was 36.8% (CI 95% = 36.2 – 37.4%), and had no effect on rotational traction. Peak 
torque and rotational stiffness values are presented in Table 5.16.  ANCOVA analysis 
found no significant differences between couchgrass varieties for peak torque (F19,180 = 
1.4, Fcrit = 1.6, P = 0.155) or rotational stiffness (F19,180 = 0.8, Fcrit = 1.6, P = 0.723).    
Table 5.16: UB Turf Tester data on couchgrass varieties from ANTEP plots, July 2011. Quality 
and density ratings were provided courtesy of ANTEP.    
          
 Peak Rotational Quality Density   
Cultivar torque (Nm) stiffness (Nm/deg) (0 - 5) (0 - 5) 
PST-R6FLT (w*) 71.8 5.75 n/a n/a 
PST-R6FLT 76.6 5.79 3.0 2.9 
Sovereign 76.9 6.02 3.1 2.8 
Dune 77.2 6.57 2.9 2.9 
Yukon 77.2 6.45 3.0 3.0 
Transcontinental 78.0 6.05 2.8 2.5 
SR 9554 79.4 6.54 2.7 2.3 
BAR C291-1 79.6 6.13 3.6 3.4 
Veracruz 80.2 6.01 3.7 3.6 
SWI 1070 81.2 5.64 3.8 3.7 
Riviera 82.0 6.00 3.7 3.6 
Mirage II 82.7 6.51 3.2 2.9 
La Paloma 82.7 5.99 2.9 2.5 
SWI 1057 82.7 6.08 3.8 3.6 
Legend 83.2 6.33 3.7 3.4 
BAR 7 CD5 83.4 6.29 3.4 3.2 
IS-CD10 83.7 6.18 3.2 3.3 
PST R60N 85.3 6.99 2.9 2.6 
PSG 9BAN 86.3 6.20 3.6 3.4 
Santa Ana (w*) 87.8 6.47 n/a n/a 
Herit T2 88.2 6.42 3.7 3.6 
Santa Ana 88.7 6.72 4.1 4.3 
Paspalum 66.3 6.01 n/a n/a 
Kikuyu/Poa 62 5.21 n/a n/a 
Bare Sand 1.5 0.11 n/a n/a 
* after wear treatment, with less than 10% groundcover 
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Peak torque was noticeably lower and rotational stiffness somewhat lower on the 
Seashore Paspalum and kikuyu/Poa single plots. On the bare sand, rotational traction was 
extremely low.  
A comparison of traction in a worn vs an unworn state was included for two couchgrass 
varieties, and despite the loss of 90% of above-ground biomass from the wear treatment 
there was no significant reduction in peak torque or rotational stiffness on either variety. 
This is an interesting result; intuitively, one would expect that a major loss of above-
ground turf biomass would significantly reduce rotational traction.  
   
Correlation between quality or density and rotational traction  
Intuitively, one might also expect a couchgrass cultivar with high quality or density to 
have higher rotational traction than a cultivar with low quality or density. In this data set, 
Santa Ana had the highest ANTEP quality rating (4.1) and density rating (4.3), yet its 
peak torque (88.7 Nm) and rotational stiffness (6.72 Nm/deg) was not significantly higher 
than the cultivar SR9554 (peak torque 79.4 Nm, rotational stiffness 6.54 Nm/deg), which 
had the lowest ANTEP quality (2.7) and density (2.3) of those tested.  
Regression analysis was conducted on rotational traction against quality or density values 
from this trial. There was no apparent relationship between them, although these data are 
not presented as the visual quality and density ratings were not able to be tested for 
reliability. The evidence is clear, however, that a Turf Manager should not be concerned 
that selecting a dense, high quality couchgrass variety will result in higher rotational 
traction and higher ACL injury risk than if using a lower-density, lower-quality variety.  
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Conclusion 
While differences in rotational traction do exist between couchgrass varieties, in only one 
instance was the difference between two varieties found to be significant. In addition to 
this finding, there appeared to be no apparent relationship between the quality or density 
of a couchgrass variety and its peak torque or rotational stiffness. Consequently, ground 
managers should select the couchgrass variety that is most suited to their situation, based 
on its agronomic properties and their local priorities (e.g. winter dormancy, colour etc.). 
They should not be concerned that the rotational traction of a certain variety might be 
higher than other varieties. In particular, the perception that high quality, very dense 
varieties might have very high rotational traction is not supported by the data.    
The ANTEP trial data revealed the need for two important future trials in this thesis on 
the effect of agronomic treatments on rotational traction. First, despite the loss of over 
90% of above-ground biomass, including the thatch layer, the rotational traction of worn 
couchgrass was surprisingly high. There was no significant difference in rotational 
traction in each of the two varieties between the worn and the unworn state. Couchgrass 
produces both stolons and rhizomes, and both were still present in the soil and possibly 
provided the mechanical basis for rotational traction. This finding was counter-intuitive, 
but is consistent with previous research (e.g. Canaway, 1983; Gibbs, Adams & Baker, 
1989; McNitt, Landschoot, & Waddington, 2004; Roche et al., 2008; Rogers & 
Waddinton, 1989). Second, bare sand had extremely low rotational traction. The very low 
shear strength of sand means that in the absence of grass biomass (especially below-
ground biomass), it provides negligible rotational traction. Before testing these effects, 
however, it was considered important to also assess for differences in rotational traction 
between perennial ryegrass cultivars.  
287 
 
Question 7: Is there a significant difference in rotational traction 
between perennial ryegrass cultivars? 
 
Rationale: There are many different perennial ryegrass cultivars that could be used on a 
football field, which differ to some extent in texture, density, colour and seasonal activity. 
Perennial ryegrass cultivars can also be blended, which is not usually done with 
couchgrass varieties. This section aims to test the hypothesis that there is no significant 
difference in peak torque or rotational stiffness between perennial ryegrass cultivars or 
blends.   
Materials and methods 
Seven perennial ryegrass cultivar treatments were established in replicated plots at the 
Leigh Creek site in April 2010. Sowing rate in each case was 5 kg/100m2. The plots were 
maintained at a mowing height of 20 mm and irrigated as required to prevent moisture 
stress. Fertility inputs were moderate, averaging 0.2 kg N/100m2/month. All treatments 
had received an application of cyfluthrin for insect pest control, and two applications of 
ethofumesate in June and July 2010 for Poa annua control. Five of the treatments were 
single cultivars, and two treatments were blends, as listed in Table 5.17. The Trio Pro 
blend was made up of three dark green Continental types (Arena 2, Fiesta 4 and 
Centurion), and the Sports Oval blend consisted of three mid-green Mediterranean 
cultivars (Colosseum, Arena 1 and Tambour). Each treatment strip was 1.2 m x 12 m in 
size and replicated three times in a randomised complete block design. The soil type was 
a uniform, red Ferrosol with pH 6, as previously described for this site. Rotational traction 
was tested with the UB Turf Tester fitted with 17 mm studs, on 23rd December, 2010, 48 
hours after substantial rainfall. Soil moisture was measured by Theta probe, and hardness 
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assessed by CIST on 15 randomly selected locations to assess uniformity across the plot 
area. Treatment mean peak torque and rotational stiffness values were assessed for 
significant difference by two-way ANOVAs.  
 
Results and discussion 
The treatment plots were over eight months old at the time of testing and consisted of a 
full coverage of dense, high quality perennial ryegrass without weed or pest problems. At 
the time of testing, mean soil moisture was 37% (CI 95% = 36 – 38%) and mean CIST 
hardness was 72 g (CI 95% = 70 – 74%), so both were highly uniform across the plots. 
Table 5.17 presents data on the peak torque and rotational stiffness of the treatments. 
Although there were differences in mean peak torque and especially rotational stiffness 
between treatments, the differences were not significant.   
Table 5.17: Mean peak torque and rotational stiffness of five perennial ryegrass cultivars and two 
perennial ryegrass blends, from Leigh Creek site, 23 December 2010.   
  Peak torque (Nm) Rotational stiffness (Nm/deg) 
Trio Pro 57.9 6.18 
Arena 2 47.3 4.41 
Fiesta 4 49.1 4.81 
T3 52.0 5.33 
Colosseum 50.6 5.48 
Arena 1 50.6 5.14 
Sports Oval 53.2 5.01 
 
NS NS 
 
Conclusion 
There was no significant difference in peak torque or rotational stiffness between the five 
perennial ryegrass cultivars and two perennial ryegrass blends tested.  
289 
 
Question 8: Does nitrogen rate influence rotational traction? 
 
Rationale: Modern turf-type perennial ryegrass cultivars require adequate nitrogen to 
maintain high colour, growth and tiller density, and respond readily to N fertilizer 
applications. It has been proposed that higher tiller density in perennial ryegrass can 
contribute to higher traction (McNitt, Landschoot, & Waddington, 2004; Reyneri & 
Bruno, 2004), and Canaway noted the importance of nitrogen in maintaining perennial 
ryegrass cover and rotational traction, especially in sand profiles (Canaway, 1985). 
Although the previous experiment found no significant difference in rotational traction 
between perennial ryegrass cultivars, it is conceivable that such differences might be 
found between perennial ryegrass maintained on a low-N regime compared to a high-N 
regime, especially if those regimes create different tiller densities. The aim of this 
experiment was to assess the effect of three N rates on perennial ryegrass tiller density, 
peak torque and rotational stiffness.   
Materials and methods 
The perennial ryegrass plots described in the previous experiment were used for this trial. 
Adjacent single-replicate strips (1.2 m x 12 m) of each of the three Mediterranean 
perennial ryegrass cultivars (Colosseum, Arena 1 and Sports Oval blend, containing 
Colosseum, Arena 1 and Tambour) were used. The previous trial had found little 
difference in rotational traction between these treatments, so these three adjacent plots 
were combined to create a single 3.6 m x 12 m plot for this current experiment. The 
combined plot was then divided into three 4 m wide replicate blocks. Each replicate was 
treated with either a low, medium or high nitrogen application in a randomised, complete 
block design, with 0.25 m border between treatments. The Low N treatments received 
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their last N application on 5th December 2010, so by the time of testing (17th January 
2011) had not been fertilized for seven weeks. The Medium N treatments were foliar 
fertilized with a liquid N fertilizer (urea and ammonium nitrate mix, 42.5% N) at a rate of 
0.2 kgN/100m2 every two weeks, and the High N treatments were fertilized by the same 
method and frequency at a rate of 0.4 kgN/100m2. The Medium N and High N treatments 
had received three fertilizer applications up until one week before traction testing. 
Fertilizer was applied in solution via a calibrated 1 m wide pedestrian boom spray with an 
output of 1,000 L/ha. Rotational traction was tested with the UB Turf Tester on 17th 
January using 17 mm studs, within 48 hours of substantial rainfall. Quality, colour and 
density were assessed visually by a single assessor, using the National Turfgrass 
Evaluation Program 0 – 9 scale, where 0 = lowest and 9 = highest (NTEP, 2012). These 
assessments were not subjected to reliability testing or statistically analysed. Soil 
moisture (Theta probe) and hardness (CIST) were tested at twelve random locations 
across the plots to assess uniformity across the plot area. Peak torque and rotational 
stiffness values were subjected to two-way ANOVA, and where significant treatments 
effects were evident, LSD values calculated at an alpha level of 0.05.  
Results and discussion 
The plots were 10 months old at the time of testing, and had a full coverage of perennial 
ryegrass with no visible weed or pest problems. At the time of testing, mean soil moisture 
was 38% (CI 95% = 37-39%) and mean CIST hardness was 70 g (CI 95% = 66 – 74g), so 
both were uniform across the plot area. The three different nitrogen regimes had created 
visible differences between the treatments in quality, colour and density, as shown on 
Table 5.18. Although clipping yield was not measured, during weekly mowing there were 
obvious differences between treatments in growth rate, with the low N treatment 
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producing very few clippings, a moderate clipping yield in the medium N treatment, and a 
high clipping yield in the high N treatment. In short, the three nitrogen regimes had 
created the desired effect of creating differences in growth and density on the perennial 
ryegrass area. Peak torque and rotational stiffness values are presented in Table 5.18.  
 Table 5.18: Mean peak torque and rotational stiffness of three nitrogen regimes on perennial 
ryegrass, January 2011. Means followed by the same letter superscript are not significantly 
different (P = 0.05).   
 
          
 
Peak torque Rotational  Visual ratings (0 - 9) 
  (Nm) stiffness (Nm/deg) Quality Colour Density 
Low N 52.4 a,b 5.32  6 5 5 
Medium N 57.0 b 5.34  7 6 7 
High N 45.1 a 5.01  8 8 8 
LSD (P = 0.05) 7.5 NS 
    
There was no significant difference in rotational stiffness between the treatments. There 
was no significant difference in peak torque between the Low N and High N treatments. 
However, peak torque was significantly higher in the medium N treatment compared to 
the high N treatment. There appears to be no consistent relationship between rotational 
traction and nitrogen rate, or between rotational traction and  quality, colour or density. 
The findings do not support the contentions of McNitt et al (2004a) or Reyneri and Bruno 
(2004) that high tiller density in perennial ryegrass contributes to higher traction.  
 
Conclusion 
The higher quality, colour and density of perennial ryegrass achieved through a high 
nitrogen regime did not result in higher peak torque or rotational stiffness compared to 
perennial ryegrass with lower visual quality, colour and density maintained on a lower 
nitrogen regime.   
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Question 9: Will reducing or modifying couchgrass thatch reduce 
rotational traction? 
 
Rationale: Thatch is an agronomic variable that can be readily modified by cultural 
practices to either remove thatch (dethatching) or modify it by the addition of sand 
topdressing. Chivers (2008) found a positive relationship between peak torque and thatch 
level, although it was interacting with couchgrass content and the amount of bare ground. 
However, Brosnan, McNitt and Serensits (2009) found no difference in rotational traction 
on Kentucky bluegrass when thatch depth was either 4 mm, 13 mm or 19 mm. And 
Canaway (1983), Rogers and Waddington (1989), McNitt, Landschoot and Waddington 
(2004) and Roche et al. (2008) all found surprisingly little or no reduction in rotational 
traction when turfgrass verdure, which includes thatch, was removed. The relationship 
between thatch depth and rotational traction is likely to be complex and inconsistent, but 
further testing is warranted because of the contention in Australian football that thatch 
depth affects rotational traction and, consequently, ACL injury risk (Chivers, 2008; 
Orchard, 2005). The aim of this section was to test if reducing or modifying thatch caused 
a reduction in the rotational traction of couchgrass.   
Materials and methods 
Two different sets of replicated turf plots were used to assess the influence of thatch depth 
on rotational traction. The first set of plots are referred to as the dusting plots, the second 
as the soil texture plots. Both areas were established in January 2010 using washed 
couchgrass turf (Santa Ana), so each surface had a pre-existing thatch layer of around 15 
mm. Following sod establishment the turf was mown as required at a height of 20 mm, 
and received regular maintenance to retain good turfgrass quality throughout the trial. 
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The dusting plots were established on a silty clay soil (50.6 % fines content) where the 
existing vegetation had been removed and washed couchgrass turf established in January 
2010. The 100 m2 plot area was split into four replicate blocks, each with four treatment 
plots of 4 m x 0.9 m in size on a randomised, complete block design. The four treatments 
were a high-thatch treatment, a medium-thatch treatment, a no-thatch treatment and a 
sand-dusted treatment. The high-thatch treatment was a control plot, with no thatch 
reduction practices employed. The medium-thatch and no-thatch treatment plots were 
created by removing the surface biomass (thatch and sward) by shallow sodcutting in 
October 2010. These plots were allowed to recover naturally by rhizome and stolon 
regrowth, and start to create a new thatch layer. In mid-January 2011 the no-thatch 
treatment was sodcut again to a shallow depth, and again allowed to recover. The plots 
were assessed for rotational traction on 15th April 2011, by which stage the medium-
thatch plots had six months and a full summer to create a new thatch layer (October 2010 
– April 2011). The no-thatch treatment only had three months (January 2011 – April 
2011) to regain groundcover, but with minimal thatch. The sand-dusted treatments 
consisted of the original high-thatch turf treated with six sand topdressings at three week 
intervals between November 2010 and April 2011. At each application, 2 mm (2 L/m2) of 
clean, washed sand (1% fines content) was evenly spread and smudged into the thatch 
layer. By the assessment date in April 2011 the plots had received a total of 24 mm depth 
of sand topdressing, and the surface zone consisted of a uniform layer around 50 mm 
thick with an approximate 1:1 blend of sand and thatch. The plots were assessed on 15th 
April 2011, within 48 hours of rainfall. Thatch depth was tested using a digital caliper, 
soil moisture by Theta probe, surface hardness by CIST (2.25 kg x 45.7 cm, 1st drop), and 
peak torque and rotational stiffness using the UB Turf Tester fitted with 17 mm studs. 
ANCOVA was used to investigate the significance of effects on the variables peak torque 
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and rotational stiffness, with thatch level as the factor and CIST hardness and soil 
moisture as covariates. Where the ANCOVA indicated significant differences in peak 
torque or rotational stiffness, the data were subjected to a two-way ANOVA (Microsoft 
Excel 2010) and least significant difference values calculated at an alpha level of 0.05. 
The soil texture plots were established as 1 m x 1 m x 150 mm deep replicated plots with 
different soil textural types separated by timber plinths. Full details on materials and 
methods were provided in Chapter 3 (Question 3). The plots were primarily created to 
assess hardness behaviour of fourteen rootzone treatments with fines contents ranging 
from 1% to 44%. For this experiment, only three of those treatments were used (1% fines, 
17.6% fines and 50.6% fines). Each textural treatment was turf with washed sod of hybrid 
couchgrass (Santa Ana) in February 2010, and maintained at good quality and vigour by 
routine fertilizer application and mowing at 30 mm. The couchgrass was dormant in the 
period May until October 2010. In December 2010 a 450 mm wide strip on each of the 
treatment plots was removed with a sodcutter and the grass cover removed to split the 
plots into ‘with grass’ and ‘without grass’ subplots, for hardness assessments in January 
2011. Following that assessment, reported in Chapter 3, grass coverage was allowed to 
recover by lateral stolon development. By May 2011 the sodcut (without grass) subplots 
had recovered full groundcover, but had no measureable thatch layer. Rotational traction 
tests were conducted on 6th May 2011 using the UB Turf Tester with 17 mm studs. Soil 
moisture was measured by Theta probe, and surface hardness measured by CIST (2.25 kg 
x 45.7 cm, 1st drop).  
Data were analysed by two-way ANOVA, and where significant differences between 
treatments were evident, LSD values calculated at an alpha level of 0.05.  
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Results and discussion: dusting plots 
The mean hardness on the plot area was 71 g and the mean soil moisture content was 
37%. ANCOVA analysis indicated no significant effect from soil moisture on peak torque 
(F1,16  = 0.05, Fcrit = 4.5, P = 0.826, ηρ2 = 0.005) or rotational stiffness (F1,16  = 0.45, Fcrit = 
4.5, P = 0.520, ηρ2 = 0.043). There was also no significant overall effect from CIST 
hardness on peak torque (F1,16  = 3.4, Fcrit = 4.5, P = 0.094, ηρ2 = 0.254) or rotational 
stiffness (F1,16  = 0.5, Fcrit = 4.5, P = 0.988, ηρ2 = 0.004). There was no significant thatch 
treatment effect on peak torque (F3,16  = 3.0, Fcrit = 3.2, P = 0.08, ηρ2 = 0.475), although the 
results were close to being significant. There was a significant thatch treatment effect on 
rotational stiffness ((F3,16  = 5.1, Fcrit = 4.5, P = 0.021, ηρ2 = 0.605). ANOVA analysis were 
conducted and LSD values calculated for the thatch effect on peak torque and rotational 
stiffness, as presented in Table 5.19.  
Table 5.19: Mean thatch depth, peak torque and rotational stiffness of four different thatch 
treatments, assessed April 2011. Means followed by the same letter subscript are not significantly 
different (P = 0.05).  
 
          
 
Sand  High Medium No   LSD           
   dusted Thatch Thatch Thatch (P = 0.05) 
Thatch Depth (mm) 50 d 25 c 17 b 0 a 2 
Peak torque (Nm) 30.8 a 53.8 b 54.0 b 50.2 b 7.8 
Rotational stiffness (Nm/deg) 2.94 a 4.45 b 4.95 b,c 5.43 c 0.56 
 
Sand dusting of the thatch layer significantly reduced peak torque and rotational stiffness 
compared to the non-dusted treatments, regardless of their thatch depth. In the three 
treatments without sand dusting, there was no significant difference in peak torque 
between the high-thatch, medium-thatch or no-thatch treatments. However, the high-
thatch treatment did have significantly lower rotational stiffness than the no-thatch 
treatment.  
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Results and discussion: soil texture plots 
These plots were at or near Field Capacity at the time of testing. ANCOVA analysis on 
the sand treatment showed no significant effects from soil moisture on peak torque (P = 
0.66) or rotational stiffness (P = 0.97), or from CIST hardness on peak torque (P = 0.88) 
or rotational stiffness (P = 0.97). For the loamy sand treatment, there was no significant 
effect from soil moisture on peak torque (P = 0.41) or rotational stiffness (P = 0.49), or 
from CIST hardness on peak torque (P = 0.78) or rotational stiffness (P = 0.60). For the 
clay loam treatment, there was no significant effect from soil moisture on peak torque (P 
= 0.84) or rotational stiffness (P = 0.83), or from CIST hardness on peak torque (P = 0.86) 
or rotational stiffness (P = 0.86).  In short, soil moisture or CIST hardness did not 
influence the rotational traction comparisons between the thatch treatments.  
However there were significant effects from thatch depth on peak torque and rotational 
stiffness, so two-way ANOVA analyses were conducted and LSD values calculated, as 
shown in Table 5.20. The high thatch treatments had a uniform 25 mm depth of thatch, 
and the no-thatch treatments had a full cover of grass but no measureable thatch depth. 
Table 5.20: Mean peak torque and rotational stiffness of high thatch (25 mm) vs low thatch (0 
mm) treatments on three different soil textural types, assessed May 2011. Means followed by the 
same letter subscript were not significantly different (P = 0.05).  
 
              
 
1.0 % fines 17.2% fines 50.6% fines LSD 
sand loamy sand clay loam  P = 0.05 
Thatch depth (mm) 25 0 25 0 25 0 
 Peak torque (Nm) 61.3 c 36.3 a 58.0 c 49.0 b 59.8 c 52.3 b 5.6 
Rot. Stiffness (Nm/deg) 4.36 b,c 3.61 a 4.04 a,b 4.88 c,d 5.10 d 4.98 d 0.61 
 
Peak torque was significantly higher with a thatch layer compared to without thatch in all 
three rootzone types. However, the relative increase in peak torque due to thatch was 
297 
 
higher in the sand (around 70%), compared to the loamy sand (18% higher) and the clay 
loam (14% higher). The presence of thatch also led to a significant increase in rotational 
stiffness in the pure sand, compared to without thatch. In the loamy sand, however, the 
presence of thatch actually caused a significant decrease in rotational stiffness compared 
to when thatch was absent. There was no significant difference in rotational stiffness in 
the clay loam with high thatch or low thatch.  
In summary, rotational traction was significantly increased by the presence of thatch on a 
high-sand rootzone. The presence of thatch also caused a minor, but significant, increase 
in peak torque on the loamy sand and the clay loam, but actually reduced rotational 
stiffness in the loamy sand, and made no significant difference to rotational stiffness in 
the clay loam.  
 
Conclusion 
 
The results of the two experiments in this section indicate that there is no simple, 
causative relationship between thatch depth and rotational traction, and challenges the 
perception that reducing thatch depth universally leads to a reduction in rotational 
traction. In some instances (e.g. clay-loams) rotational stiffness might actually increase if 
thatch depth is reduced. Consequently, dethatching cannot be relied on to reduce 
rotational traction.  There is, however, good evidence that modifying (not removing) the 
thatch layer by sand-dusting can reduce both peak torque and rotational traction. Dusting 
is a program that is achievable on many community-level grounds, but the effects of an 
accumulation of a sand-thatch layer on surface drainage would need careful evaluation 
before the practice could be recommended.   
298 
 
Question 10:  What effect does wear and groundcover have on 
couchgrass rotational traction? 
 
Rationale: The previous experiment in this chapter found contradictory results on the 
relationship between couchgrass thatch depth and rotational traction. Another previous 
section showed that, surprisingly, wearing away 90% of the surface verdure of couchgrass 
resulted in no significant reduction in peak torque or rotational stiffness. As traffic and 
wear has such a major impact on the issue of couchgrass sustainability and suitability for 
community- level football, it was considered essential to test these plot results in a field 
setting. In addition, as football is a winter game, it was important to assess the rate of 
groundcover depletion from wear and the effect of this on rotational traction during a 
period of dormancy compared to the summer. The aim of this section was to measure the 
rotational traction of a couchgrass surface as its thatch and groundcover was depleted by 
wear, in the summer season and also in winter, when couchgrass was dormant.    
Materials and methods 
Two pure couchgrass (Santa Ana) community- level football fields were selected, one for 
a summer trial, and the second for a winter trial. The method of simulating traffic and 
testing rotational traction was the same in both trials. A visually uniform test area with 
100% turfgrass coverage was located on the edge of the field, and replicate plots marked 
out. Volumetric soil moisture was assessed on each replicate using the Theta probe. 
Rotational traction was then assessed using the UB Turf Tester fitted with 17 mm studs, 
initially on the un-trafficked turf, and then following each ten-pass set of a wear machine 
that was designed to simulate player traffic (Figure 5.36). The wear machine was 
constructed by the seed company PGGWrightson Turf (Australia) specifically for use in 
299 
 
assessing turf wear tolerance, and consisted of a pedestrian cylinder mower fitted with 
rotating rubber beaters and a studded roller. Repeated passes of the machine proved 
effective in progressively removing thatch and verdure. Ten-pass sets with the wear 
machine continued until no further reduction in groundcover was achieved. At each ten 
passes of wear, rotational traction and surface hardness was measured (CIST, 2.25 kg x 
45.7 cm, 1st drop) and visual groundcover was assessed in collaboration with an 
experienced turfgrass scientist. These assessments were also conducted on a bare section 
of the field for comparison, in the same rootzone but with no above or below-ground 
biomass. There were some differences in method between the summer and the winter 
trial. The summer trial tested twenty replicate plots, whereas the winter trial only used ten 
replicates. The summer trial also assessed a high-thatch zone (28 mm thatch) for 
comparison with the main test area, which had a thatch depth of 10 mm. In each trial, data 
were subjected to an ANCOVA on the variables peak torque and rotational stiffness, with 
% groundcover as a factor and CIST hardness as a covariate. Where significant treatment 
effects were in evidence, data were subject to one-way ANOVA, and least significant 
difference values were calculated at an alpha level of 0.05.  
 
Figure 5.36: Traffic simulator which uses rubber beaters to remove thatch and biomass 
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Results and discussion: summer trial, December 2011 
Table 5.21 present the data from the summer trial. The mean volumetric soil moisture 
content over the 20 replicate plots was 35% (CI 95% 34 - 36%), indicating the soil was not 
droughted, and that moisture content was uniform across the replicates. This was 
supported by the ANCOVA showing that there was no significant CIST hardness effect 
on either peak torque (F1,240 = 0.183, P = 0.669) or rotational stiffness (F1,240 = 0.833, P = 
0.362). There was, however, a significant effect from % groundcover on peak torque 
(F1,240 = 38.8, P < 0.001) and rotational stiffness (F1,240 = 18.8, P < 0.001).  
Table 5.21: Summer trial summary of mean groundcover, peak torque, rotational stiffness and 
hardness following simulated wear. Values followed by the same letter superscript are not 
significantly different.   
        
 Groundcover    Peak  Rotational 
Treatment (%) torque (Nm)  stiffness (Nm/deg) 
28mm thatch  100 a 56.5 d,e 4.71 e,f 
10mm thatch 100 a 64.7 c,d 6.15 d 
Ten passes 81 b 86 a 9.11 a 
Twenty passes 69 c 78.1 a,b 8.19 a,b 
Thirty passes 55 d 75.7 a,b 8.26 a,b 
Forty passes 34 e 70.3 b,c 7.79 b,c 
Fifty passes 24 f 62.7 c,d 6.52 d 
Sixty passes 14 g 62.6 c,d 6.81 c,d 
Seventy passes 12 g,h 41.0 f 3.90 f,g 
Eighty passes 12 g,h 35.1 f 3.19 g 
Ninety passes 11 g,h 41.3 f 3.97 f,g 
One hundred passes 7 h 52.8 e 5.47 d,e 
LSD (P = 0.05) 5 9.6 1.2 
Bare rootzone 0  11.1  2.16  
 
The couchgrass surface with 10 mm thatch depth had significantly higher peak torque and 
rotational stiffness compared to when thatch depth was 28 mm, supporting the finding 
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from the previous trial that a reduced thatch depth did not necessarily lead to reduced 
rotational traction. As the 10 mm of thatch and groundcover was depleted by simulated 
wear, rotational traction remained at very high levels, at least up until sixty passes, when 
groundcover was reduced to only 14% (Figure 5.37).  
 
Figure 5.37: Groundcover after 60 passes of the traffic simulator. The thatch and sward had been 
removed, leaving a mean of 14% groundcover consisting of stolons, rhizomes and soil, yet peak 
torque was 62.6 Nm and rotational stiffness was 6.81 Nm/deg.  
 
So a high thatch level, or even a moderate thatch level, did not lead to high rotational 
traction; in fact the initial depletion of thatch and groundcover caused a significant 
increase in rotational traction to very high levels. This was possibly because the 
engagement of the studs with the soil matrix was higher once the surface thatch and 
groundcover was removed.  
After 60 passes of the wear machine, as groundcover was depleted to less than 14%, there 
was a significant decline in peak torque and rotational stiffness, although even with 100 
passes, and groundcover at 7%, rotational traction was not unacceptably low.  
302 
 
The pattern of relationship between % groundcover and traction was very similar for both 
peak torque and rotational stiffness, as shown on Figures 5.38 and 5.39.  
 
Figure 5.38: Mean couchgrass coverage vs peak torque, from the summer trial (Dec 2011) 
 
 
Figure 5.39: Mean couchgrass coverage vs rotational stiffness, from the summer trial (Dec 2011) 
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By 100 passes of wear all stolons had been removed, leaving only a resistant component 
of couchgrass rhizomes, blended through the rootzone (see Figure 5.40). The wear device 
was unable to remove these rhizomes. Rotational traction was still reasonable during this 
latter stage, and in fact peak torque and rotational stiffness rose significantly between 90 
and 100 passes, possibly because the loosely-fixed surface stolons had finally been 
eliminated, leaving the studs to interact solely with the soil-rhizome matrix.  
 
Figure 5.40: Groundcover after 100 passes of wear simulator, showing the resistant rhizome 
component. Mean groundcover was 7%, due entirely to the rhizomes, but peak torque was 52.8 
Nm and rotational stiffness was 5.47 Nm/deg.  
 
In comparison, an adjacent bare area, without above or below-ground biomass, had a peak 
torque of 11.6 Nm, and a rotational stiffness of 2.61 Nm/deg (also of interest, the CIST 
hardness of this bare area was 166 g, compared to an average of 93 g on the grassed 
plots).  It was clear that couchgrass rhizomes were maintaining biomass despite high 
levels of simulated wear, and that these rhizomes were maintaining acceptable levels of 
rotational traction.  
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Results and discussion: winter trial,  August 2012 
Table 5.22 present the data from the winter trial. The mean volumetric soil moisture 
content over the ten replicate plots was 35% (CI 95% 33 - 38%), indicating the soil was not 
excessively wet, and that moisture content was uniform across the replicates. This was 
supported by the ANCOVA showing no significant CIST hardness effect on either peak 
torque (F1,110  = 3.144, P = 0.79) or rotational stiffness (F1,110 = 3.50, P = 0.360). There 
was, however, a significant effect from % groundcover on peak torque (F1,110 = 47.9, P < 
0.001) and rotational stiffness (F1,110 = 73.6, P < 0.001).  
Table 5.22: Winter trial summary of mean groundcover, peak torque and rotational stiffness 
following simulated wear. Values followed by the same letter superscript are not significantly 
different.   
        
 Groundcover    Peak torque Rotational  
Treatment %  (Nm) stiffness (Nm/deg) 
10 mm thatch 100 a 82.6 a 7.88 a 
Ten passes 92 b 65.3 b 5.85 b 
Twenty passes 58 c 60.1 b,c,d 5.40 b,c 
Thirty passes 28 d 59.4 b,c,d 4.61 c,d 
Forty passes 20 e 61.7 b,c 4.65 c,d 
Fifty passes 15 f 57.9 b,c,d 4.66 c,d 
Sixty passes 12 f 52 d 4.24 d 
Seventy passes 6 g 55.1 c,d 4.49 d 
Eighty passes 4 g,h 54.3 c,d 4.19 d 
Ninety passes 3 g,h 52.2 d 4.14 d 
100 passes 2 h 42.5 e 3.09 e 
LSD (P = 0.05) 2.5 8.1 0.87 
Bare rootzone 0 10.4 1.84 
 
In this trial, the first ten passes of simulated wear resulted in a significant drop in peak 
torque and rotational traction compared to the initial state with a 10 mm thatch depth. So, 
in this case, the thatch layer and full groundcover led to a higher rotational traction 
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compared to when this was diminished by wear. Continued reductions in groundcover 
caused a gradual reduction in rotational traction, which is depicted more clearly in 
Figures 5.41 and 5.42.  
 
Figure 5.41: Mean couchgrass coverage vs peak torque, from the winter trial (August 2011) 
 
 
Figure 5.42: Mean couchgrass coverage vs rotational stiffness, from the winter trial (August 2011) 
 
Even when groundcover had been depleted to 3%, peak torque was 52.2 Nm and 
rotational stiffness was 4.14 Nm/deg. Simulated wear stripped the thatch and foliage 
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layer, leaving a surface of stolons, rhizomes and soil, and eventually only a resistant 
matrix of rhizomes and soil. It proved impossible to deplete this further with the wear 
machine, which was etching a track several centimetres into the profile. Even this 
remnant rhizome-soil matrix provided reasonable traction, with 40 – 50 Nm peak torque 
and 3 – 4 Nm/deg rotational stiffness. In contrast, an adjacent bare rootzone with no trace 
of either above-ground or below-ground biomass had a peak torque of 10 Nm and 
rotational stiffness of 1.84 Nm/deg.  
Conclusion 
The results of both trials demonstrated that actively growing or even dormant couchgrass 
could provide acceptable rotational traction even when groundcover was severely 
depleted by wear. One might have expected that the winter couchgrass sward, lacking any 
growth or green colour, would be easily destroyed by the wear machine, but it resisted 
wear to a similar extent to the summer surface, and in both cases the wear machine could 
not remove the resistant rhizome component that was blended to some depth through the 
rootzone.  Couchgrass biomass is made up of a surface component of foliage, thatch and 
stolons, and a sub-surface component of roots and rhizomes. Simulated wear caused a 
progressive depletion of groundcover, but even very high levels of wear did not eliminate 
the below-ground biomass and a residual root-rhizome-soil matrix. This matrix continued 
to provide acceptable rotational traction, when compared to bare soil without any 
biomass. The wear machine was unable to remove this rhizome component, even though 
100 passes of wear had started to excavate several centimetres into the surface.  
This finding supports a contention that couchgrass is sustainable in a winter football 
situation. It would be valuable to see if this behaviour is experienced on football grounds 
towards the end of the winter football season, which is the topic of the next question. 
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Question 11: What traction is found on trafficked football fields in situ? 
 
Rationale: The previous plot trial showed that couchgrass provided adequate rotational 
traction even when surface groundcover had been depleted, and even when this occurred 
during winter dormancy. These findings are counter-intuitive, and require corroboration 
by an investigation of actual playing fields during the football season. It would also be 
valuable to extend this investigation to other grasses in addition to couchgrass. The aim of 
this section was to quantify the relationship between rotational traction and groundcover 
of in situ playing fields during the football season across a range of grasses and soil types. 
Materials and methods 
Seven suburban community- level football grounds in Melbourne were randomly selected 
for the study, encompassing a range of grass and soil types. Permission for testing was 
received from local government authorities responsible for those grounds. Assessments 
were conducted during the 2011 winter playing season after traffic had created variations 
in grass coverage across the fields, from bare soil in the high wear areas through to full 
grass coverage in low wear areas. All testing was conducted at periods when drainage had 
allowed the removal of excess water from the profile, and in no instance was the surface 
excessively wet or sloppy. The testing consisted of visually estimating the percentage 
grass coverage at targeted locations on the field, then testing the rotational traction at that 
precise location using the UB Turf Tester fitted with 17 mm studs. In addition, CIST 
hardness (2.25 kg x 45.7 cm, 1st drop) and volumetric soil moisture (Theta probe) was 
measured immediately beside the location of the traction test on five of the fields. The 
percentage groundcover was graphed against peak torque and rotational stiffness to reveal 
the relationship between them in the different grasses and soil types.   
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Results and discussion 
Table 5.23 presents the range in soil moisture and CIST on the seven fields where those 
tests were conducted. While there was a reasonably wide range in soil moisture and CIST 
values within fields, the table shows that none of those fields were saturated or very soft.  
Table 5.23: Summary of the range in peak torque, rotational stiffness, soil moisture and CIST 
hardness on seven ovals tested in situ during the playing season 2011.  
                
  1 2 3 4 5 6 7 
Soil type soil soil soil soil sand sand sand 
Grass type ryegrass ryegrass couch couch kikuyu couch couch 
Range:        
Peak torque (Nm) 23 - 60 21 - 67 11 - 50 18 - 63 1 - 62 4 - 82 6 - 75 
Rot. Stiff. (Nm/deg)  2.2 - 6.2 2.3 - 6.1 1.8 - 6.9 1.4 - 5.1 0.1 - 6.9 0.9 - 7.0 0.9 - 5.7 
Soil moisture (%)   31 - 43 36 - 43 21 - 38 30 - 42 34 - 44 
CIST (g)     53 - 95 31 - 64 68 - 93 60 - 83 41 - 73 
 
A key finding is that sand profiles provided extremely low rotational traction when 
biomass was absent. Highly trafficked areas such as goal squares can have their surface 
biomass denuded, and in sand rootzones those areas can then be easily eroded by further 
traffic. This gouging effect subsequently removes the below-ground biomass, even in 
couch fields, resulting in extremely low traction. Highly trafficked areas on soil-based 
fields were also denuded, but in contrast to sand fields with no groundcover, they retained 
some below-ground biomass and still provided some level of traction.  
Tables 5.24 - 30 and Figures 5.43 – 5.61 present groundcover vs rotational traction data 
and pictures for the individual seven fields. 
309 
 
      
Oval 1 (soil, perennial ryegrass) 
Groundcover 
% 
Peak torque 
(Nm) 
Rotational stiffness 
(Nm/deg) 
100 54 5.03 
100 53 4.33 
90 51 5.18 
90 57 6.07 
80 56 5.00 
80 67 5.81 
70 48 4.41 
60 54 5.76 
60 51 4.51 
50 43 5.07 
40 56 4.98 
30 50 4.71 
30 42 4.04 
20 41 4.47 
20 48 5.39 
10 27 3.46 
10 36 3.89 
10 40 5.52 
0 35 2.33 
0 30 3.75 
0 21 2.70 
 
 
Table 5.24 and Figures 5.43 and 5.44 (right), relationship between turf groundcover and peak torque and rotational 
stiffness, Oval 1 (a soil-based perennial ryegrass oval), 6 June 2011.  
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Oval 2 (soil, perennial ryegrass) 
Groundcover 
% 
Peak torque 
(Nm) 
Rotational stiffness 
(Nm/deg) 
100 60 6.17 
90 61 5.67 
80 58 5.54 
70 39 4.98 
60 54 6.15 
50 51 5.16 
40 52 5.72 
30 27 3.46 
30 48 5.1 
20 35 4.82 
10 34 4.61 
10 29 3.73 
0 23 2.22 
0 30 2.92 
 
  
 
 
Table 5.25 and Figures 5.45 and 5.46 (right), 
relationship between turf groundcover and peak torque 
and rotational stiffness, Oval 2 (a soil-based perennial 
ryegrass oval), 6 June 2011.  
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Oval 3 (soil, couchgrass) 
Groundcover 
% 
Peak torque 
(Nm) 
Rotational stiffness 
(Nm/deg) 
100 55 4.5 
90 63 5.07 
90 43 3.78 
90 44 4.22 
85 53 4.62 
80 48 4.25 
80 37 4.5 
70 39 3.67 
60 46 4.74 
50 42 4.55 
50 37 4.34 
40 30 3.3 
30 33 4.5 
25 40 5.06 
20 30 4.3 
15 36 4.27 
10 29 4.2 
5 17 2.14 
2 24 2.78 
0 19 1.82 
0 18 1.37 
 
 
Table 5.26 and Figures 5.47 (top right) and 5.48 (bottom  right), 
relationship between turf groundcover and peak torque and 
rotational stiffness, Oval 3 (a soil-based couchgrass oval), 29 
September 2011.  
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Figures 5.49 (top) and 5.50 (right), Oval 4, a soil-based 
couchgrass oval, at the time of data collection shown on 
the next page (29th September 2011, at the end of the 
football season). The heavily worn areas had very little 
surface groundcover but provided traction at the lower 
end of the acceptable range, due to the continued presence 
of below-ground biomass (roots and rhizomes).  
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Oval 4 (soil, couchgrass) 
Groundcover 
% 
Peak torque 
(Nm) 
Rotational stiffness 
(Nm/deg) 
100 50 5.52 
100 37 2.92 
90 43 5.54 
85 37 3.10 
80 41 4.15 
60 35 2.81 
50 25 2.28 
50 46 3.99 
50 31 3.27 
40 38 1.83 
35 50 6.63 
30 47 6.86 
25 40 3.75 
15 35 5.44 
10 17 1.92 
5 20 2.05 
5 20 2.15 
5 32 5.21 
3 26 4.69 
2 21 1.83 
0 19 1.78 
Table 5.27 and Figures 5.51 (top right) and 5.52 (bottom  right), relationship between 
turf groundcover and peak torque and rotational stiffness, Oval 4 (a soil-based 
couchgrass oval), 29 September 2011.  
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Figure 5.53: Field 5, a sand-based kikuyu field, three weeks after rotational traction assessment. 
High wear areas in the goal mouth were denuded of above and below-ground grass biomass and 
recorded peak torques of 1 and 2 Nm, and rotational stiffness of 0.13 and 0.22 Nm/deg
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Figures 5.54 and 5.55: Oval 6 at the time of rotational traction testing, showing sand blowouts in 
highly trafficked areas, with above and below-ground couchgrass biomass removed, resulting in 
excessively low rotational traction.  In the location below, peak torque was 4 Nm and rotational 
stiffness was 0.93 Nm/deg.  
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Field 5 (sand, kikuyu) 
Groundcover 
% 
Peak torque 
(Nm) 
Rotational stiffness 
(Nm/deg) 
100 56 5.72 
100 62 6.86 
100 44 3.46 
85 51 5.10 
80 30 2.23 
75 43 4.95 
65 62 5.48 
50 54 5.25 
40 58 5.70 
40 33 4.02 
30 38 4.16 
20 25 2.90 
15 32 3.44 
10 22 3.61 
10 17 2.88 
5 29 3.98 
5 35 5.12 
4 21 2.10 
3 19 3.60 
3 14 2.03 
2 10 2.10 
0 1 0.13 
0 2 0.22 
 
 
 
Table 5.28 and Figures 5.56 (top right) and 5.57 (bottom  right), relationship between turf groundcover and peak torque 
and rotational stiffness, Field 5 (a sand-based kikuyu field), 29 July 2011.  
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Oval 6 (sand, couch) 
Groundcover 
% 
Peak torque 
(Nm) 
Rotational stiffness 
(Nm/deg) 
100 61 4.36 
100 63 5.77 
100 82 6.92 
95 78 6.49 
90 36 2.7 
90 76 6.98 
80 56 5.1 
65 65 6.42 
60 54 5.97 
50 46 2.7 
50 33 2.92 
40 51 5.48 
35 45 5.07 
30 28 4.01 
25 38 2.83 
10 44 6.69 
5 11 1.77 
5 22 3.86 
5 10 1.79 
0 5 0.98 
0 4 0.93 
 
 
 
 
Table 5.29 and Figures 5.58 (top right) and 5.59 (bottom  right), relationship between turf groundcover and peak 
torque and rotational stiffness, Oval 6 (a sand-based couchgrass oval), 30 September 2011.  
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Oval 7 (sand, couch)  
Groundcover 
% 
Peak torque 
(Nm) 
Rotational stiffness 
(Nm/deg)  
100 52 2.94 
100 75 5.72 
95 56 5.51 
90 39 2.76 
80 58 4.73 
80 41 2.9 
75 36 2.43 
60 44 3.24 
60 54 4.91 
50 46 3.36 
50 34 3.28 
40 42 4.64 
30 53 6.68 
25 34 3.54 
20 19 2.32 
15 20 2.18 
10 21 2.84 
10 27 3.39 
0 6 1.12 
0 10 0.89 
0 10 0.94 
 
 
 
Table 5.30 and Figures 5.60 (top right) and 5.61 (bottom  
right), relationship between turf groundcover and peak 
torque and rotational stiffness, Oval 7 (a sand-based 
couchgrass oval), 30 September 2011.  
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These assessments give rise to a number of key points relating to ground safety and the 
range of rotational traction. It could be speculated that football players would want to 
wear boots with sufficient grip to perform well on the worst areas of the ground. Despite 
the fact that the wings and flanks of the ground are well grassed, the player’s boots would 
ideally need to provide sufficient grip in the worn areas where traction is lower. So boot 
selection probably works on a ‘lowest common denominator’ principle.  
In all the fields studied, and in several studies cited in the literature review (e.g.  
Canaway, 1983; McNitt, Landschoot & Waddington, 2004; Roche et al., 2008; Rogers & 
Waddington, 1989) the retention of even 10% grass coverage provided adequate 
rotational traction for players, even if that traction was at the low end of the acceptable 
range. The greatest traction problem arose when biomass was completely lost in high-
wear areas. This was especially evident on sand-based fields. The low shear strength of 
sand led to gouging and the complete loss of above and below-ground biomass, as shown 
in Figures 5.53 - 55. Once the biomass had been lost, as well as gouging out of the sand, 
which is in itself a potential safety hazard, the peak torque fell below 10 Nm and 
rotational stiffness fell below 1 Nm/deg. On nearby, well-grassed areas on that same field, 
however, rotational traction could exceed the acceptable levels of 75 Nm and 6 Nm/deg. 
On the seven fields tested, the range in rotational traction on grassed areas compared to 
zones without above or below-ground biomass was up to 78 Nm of peak torque and up to 
6.7 Nm/deg of rotational stiffness. That range is far greater than that seen between any 
other agronomic variables studied so far. This information can lead in two different 
strategy directions with respect to reducing ACL injury risk.  
One viewpoint is that eliminating high rotational traction by selecting grasses with lower 
comparative traction, or by manipulating agronomic conditions (e.g. by sand dusting), 
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would lead to a universal reduction in ACL injury risk. This was the argument proposed 
by Orchard (2005), who argued against players being forced to wear low-traction boots as 
they would not want to risk falling, whereas making changes to the playing surface would 
lead to a universal reduction in shoe-surface traction affecting all players (Orchard, 2005).  
The second viewpoint is that there is no problem with high surface rotational traction, 
only high boot-surface rotational traction. The absolute rotational traction test value on 
any spot on a field is actually irrelevant – it is a datum point from a standardised device, 
and the actual boot-surface rotational traction experienced by a player is a function of that 
value, modified by the traction properties of their boot. So if the peak torque on the 
surface of a field was 100 Nm and the rotational stiffness was 8 Nm/deg, there would be 
no problem provided the player was wearing boots with appropriately low rotational 
traction characteristics.   
With both approaches, the main problem is that a field may have a wide variation in 
rotational traction, from low-traction areas such as a goalsquares, to high-traction, well-
grassed areas.  Where this is the case, the player will be inclined to select a boot to suit 
the lowest traction area of the ground. The logical solution, and one that this section 
demonstrates, is that the highest priority should be given to preventing the loss of turf 
biomass. In terms of manipulating modifiable agronomic variables on a football field, 
preventing the loss of above and below-ground biomass on a field would seem to have a 
much higher leverage in reducing ACL injury risk than any other approach tested to date. 
Rather than selecting a turfgrass species based on its rotational traction in a standardised 
test, it should be selected based on its ability to sustain biomass through the season.   
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Therefore, with either strategy, it is important that ground authorities do not schedule 
excessive use onto fields to the point that groundcover, especially below-ground biomass, 
is lost. This is especially critical in sand-based fields.  
It is interesting that the strategy of sustaining turfgrass biomass to reduce ACL injury risk 
is convergent with the strategy for moderating hardness on a field. It provides a unified 
theory to prevent non-contact, ground-related football injury.  
 
Conclusion 
The loss of turf groundcover from traffic on an in situ field creates an undesirably wide 
range of rotational traction values. This range is especially high on sand-based fields, 
where rotational traction might vary from above 75 Nm peak torque and 6 Nm/deg 
rotational stiffness in well-grassed areas, down to less than 10 Nm peak torque and 1 
Nm/deg rotational stiffness in areas where biomass has been lost. This range far exceeds 
that seen between any other agronomic variables tested in this thesis, and it is proposed 
that this constitutes a greater ACL injury risk than those other variables.  
Consequently, when deciding on the turfgrass species to use on any given field, the 
selection should be based on its ability to sustain biomass through the season, given the 
constraints in its maintenance, rather than on its rotational traction in a standardised test.  
Ground managers then have a responsibility to avoid a loss of turf groundcover on any 
zones on the ground.  
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Question 12: What effect does winter oversowing of couchgrass have on 
its rotational traction? 
Rationale: Couchgrass is dormant during winterlacking growth and green colour. Growth 
declines progressively from March onwards, due to lower temperatures and  shorter 
daylength.  The most visible indication of dormancy, the lack of green colour, lasts from 
late June to through to late August in Melbourne. The couch can be kept pure during this 
period, but some turf managers adopt a ‘two grass policy’, where a winter-active grass is 
added to the couch, either from an intentional autumn oversowing with perennial ryegrass 
or Poa trivialis, or simply by allowing a natural invasion of Poa annua from a seed-bank 
in the soil. The second, winter-active grass provides winter colour and growth, but can 
also cause problems by competiting excessively with the couchgrass during the spring 
transition back to pure couch. Turf managers must weigh up the benefits and 
disadvantages of a two-grass policy in their own situation. Orchard and Powell (2003) 
suggested that oversowing couchgrass with perennial ryegrass was likely to reduce shoe-
surface traction compared to pure couchgrass (Orchard & Powell, 2003), but had no 
empirical data to support this. Chivers (2008) found a significant, positive correlation (R2 
= 0.71) between ACL injury incidence and the presence of Poa annua as a second grass 
in couchgrass swards, and concluded that this combination of grasses was linked to higher 
ACL injury risk (Chivers, 2008). The species comparison earlier in this thesis showed 
high rotational traction from this combination as well. There is a lack of direct, controlled, 
quantitative data on the rotational traction of pure couchgrass compared to couchgrass 
oversown with perennial ryegrass, Poa trivialis or Poa annua. The aim of this section was 
to generate such data.   
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Materials and methods 
Two separate sets of replicated trial plots were established to compare the rotational 
traction of pure couchgrass swards with oversown couchgrass. The first set of plots 
consisted of a16 m long x 1.2 m wide strip of couchgrass (Santa Ana), sown as washed 
turf at the Leigh Creek site on 23rd February 2010. There were five treatments, with three 
1 m x 1.2 m replicate plots of each treatment in a randomised, complete block design. The 
control plot was maintained as pure couch, and there were four winter oversowing 
treatments - perennial ryegrass (‘Fiesta IV’), a transitional ryegrass (‘T3’), Poa trivialis 
(‘Sabre’) and locally-collected Poa annua. The oversowing treatments were sown into the 
couchgrass on 28th April, 2010. Germination and establishment proceeded satisfactorily, 
and the plots were mown at 20 mm and maintained to ensure high quality through the 
establishment and assessment period. The UB Turf Tester was only delivered in early 
December 2010, so the first chance to test traction on these plots was 5th December, 2010. 
The tester was fitted with 14 mm studs at that assessment. December is beyond the time 
when the oversown C3 grasses would normally have been removed from couchgrass, but 
the spring had been unusually wet and, with the exception of Poa annua, the ovesown 
grasses were in excellent condition, so it was decided to continue with the traction 
assessment as the opportunity would not arise again until the following winter.   
The second set of plots consisted of a larger couchgrass (Santa Ana) area, sown from 
vegetative sprigs in November 2010 and fully established by February 2011. Four 
replicate 2 m x 2 m plots of three oversowing treatments were sown on 29th April 2011. 
The oversowing treatments were a perennial ryegrass blend (Tri Pro), Poa trivialis (cv. 
Sabre) and Poa annua. A control plot consisted of couchgrass with no oversowing 
treatment. The Poa annua was a synchronised winter-annual type, sown from seed 
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collected on-site the previous October. Germination and establishment proceeded 
satisfactorily, and the plots were mown at 20 mm and received adequate maintenance to 
ensure high turf quality and coverage during the establishment and assessment stages. 
Three rotational traction assessments were done, in early June, late July and late 
September 2011, using the UB Turf Tester fitted with 17 mm studs. Soil moisture content 
of each plot was measured by Theta Probe at the same time as the traction tests.  
Data were analysed by two-way ANOVAs, and where significant differences between 
treatments were evident, LSD values were calculated at an alpha level of 0.05.  
 
Results and discussion 
 
1. Santa Ana washed turf strip, December 2010 
 
At that stage of the research, the UB Turf Tester data were analysed for peak torque, and 
torque reached at 2o, 5o and 10o of rotation, but not rotational stiffness. Table 5.31 shows 
data from the 5th December 2010 assessment. 
Table 5.31: Rotational traction (14mm studs) of couchgrass and couchgrass oversown with 
perennial ryegrass, transitional ryegrass or Poa trivialis. Mean torque values followed by the same 
letter superscript are not significantly different (P = 0.05).  
            
  Couchgrass 
Couch &   
perennial 
ryegrass 
Couch & 
P.trivialis 
Couch 
& T3 
LSD              
(P = 0.05) 
Peak torque (Nm) 52.9 b 50.0 a,b 49.0 a,b 45.9 a 4.8 
Torque at 2o (Nm) 8.9 a 12.0 b 9.9 a 10.0 a 1.8 
Torque at 5o (Nm) 17.6 a 22.0 b 19.8 a,b 17.9 a 3.0 
Torque at 10o (Nm) 25.8  29.2  27.8  27.6  NS 
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Peak torque on couchgrass oversown with perennial ryegrass was not significantly lower 
than pure couchgrass. However, the torque reached by 2o and 5o of rotation was actually 
significantly higher on the plots oversown with perennial ryegrass, compared to pure 
couch.  
There was no significant difference in peak torque or the torque reached by 2o, 5o or 10o 
of rotation in couch oversown with Poa trivialis compared to pure couchgrass. Couch 
oversown with T3 transitional ryegrass had significantly lower peak torque compared to 
pure couchgrass, but there was no significant difference in the torque reached by 2o, 5o or 
10o of rotation.  The T3 ryegrass was noticeably stalky and lacking in quality and density 
by December, which possibly had some effect on reducing its peak traction compared to 
couchgrass.  
The tentative conclusion from this first set of plots was that winter oversowing 
couchgrass with a second, winter-active grass could lead to a minor reduction in peak 
torque, but could also lead to higher torques being reached at 2o and 5o of rotation.  
 
2. Larger oversowing plots, June – September, 2011:  
The second set of plots had a full coverage of turfgrass during the three rotational traction 
assessments, carried out in June, July and September 2011 using the UB Traction Tester 
fitted with 17mm studs. Poa annua was flowering prolifically in the September 
assessment. Soil moisture content was high at all assessments and there were no 
significant differences between turfgrass treatments in mean soil moisture content within 
any assessment date.  
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The data from each assessment date are shown in Tables 5.32 – 34, and again in the 
summary table 5.36, which provides a clearer overall comparison for each species 
between pure couchgrass and oversown-couchgrass. As in some earlier tables, peak 
torque greater than 75 Nm and rotational stiffness greater than 6 Nm/deg is flagged as 
hazardous and listed in red font.  
Table 5.32: Mean peak torque, rotational stiffness and soil moisture content of couchgrass 
compared to couchgrass oversown with perennial ryegrass, Poa annua or Poa trivialis, June 2011. 
Mean values followed by the same letter superscript are not significantly different (P = 0.05). 
            
2nd June 2011 Couchgrass 
Couch & 
perennial 
ryegrass 
Couch & 
P.annua 
Couch & 
P.trivialis 
LSD            
(P = 0.05) 
Peak torque (Nm) 76.8 b 58.5 a 73.5 b 61.0 a 8.1 
Rot. Stiffness (Nm/deg) 4.85 a 5.19 a 6.28 b 5.40 a 0.61 
Soil Moisture (%) 40.3  39.4  38.6  39.2  NS 
 
Pure couchgrass or couchgrass blended with Poa annua had significantly higher peak 
torque than couchgrass oversown with perennial ryegrass or Poa trivialis. In the case of 
pure couch, this level was in excess of 75 Nm. Couchgrass blended with Poa annua had 
significantly higher rotational stiffness than the other three treatments, and was in excess 
of 6 Nm/deg. This couch-Poa annua combination was linked to a higher incidence of 
ACL injury by Chivers (2008), and is the same combination that was present on the 
Subiaco ground in Western Australia during a period when a high number of ACL 
injuries led to one section of the ground being dubbed ‘cruciate corner’.   
In the July assessment (Table 5.33), the couch-Poa annua combination again had 
significantly higher rotational stiffness compared to pure couch, and also significantly 
higher peak torque. However, in this case the couch-perennial ryegrass combination had 
the highest rotational stiffness, significantly higher than pure couch or couch oversown 
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with Poa trivialis. The rotational stiffness of the couch-Poa annua combination and the 
couch-perennial ryegrass combination were both in excess of 6 Nm/deg. There was no 
significant difference in peak torque between pure couchgrass or couchgrass oversown 
with perennial ryegrass or with Poa trivialis.  
Table 5.33: Mean peak torque, rotational stiffness and soil moisture content of couchgrass 
compared to couchgrass oversown with perennial ryegrass, Poa annua or Poa trivialis, July 2011. 
Mean values followed by the same letter superscript are not significantly different (P = 0.05) 
            
31st July 2011 Couchgrass 
Couch & 
perennial 
ryegrass 
Couch & 
P.annua 
Couch & 
P.trivialis 
LSD       
(P = 0.05) 
Peak torque (Nm) 55.3 a 58.8 a,b 63.3 b 56.8 a 6.4 
Rot. Stiffness (Nm/deg) 5.20 a 6.82 b 6.08 b 5.33 a 0.82 
Soil Moisture (%) 38.7  36.8  39.1  37.4  NS 
 
In the September assessment (Table 5.34), couchgrass oversown with Poa annua or Poa 
trivialis had significantly higher peak torque and rotational stiffness compared to 
couchgrass on its own or couchgrass oversown with perennial ryegrass. Couchgrass 
oversown with Poa annua had the highest peak torque, and its rotational stiffness was 
significantly higher than all other treatments. The rotational traction of the couch-
perennial ryegrass combination had fallen markedly since the July assessment, whereas 
the rotational traction of the couch-Poa trivialis combination had markedly increased.  
Table 5.34: Mean peak torque, rotational stiffness and soil moisture content of pure couchgrass 
compared to couchgrass oversown with perennial ryegrass, Poa annua or Poa trivialis, Sept 2011. 
Mean values followed by the same letter superscript are not significantly different (P = 0.05) 
            
21st Sept 2011 Couchgrass 
Couch & 
perennial 
ryegrass 
Couch & 
P.annua 
Couch & 
P.trivialis 
LSD          
(P = 0.05) 
Peak torque (Nm) 66.1 a,b 65.8 a 75.5 c 71.8 b,c 5.8 
Rot. Stiffness (Nm/deg) 4.10 a 5.42 b 7.67 d 7.02 c 0.52 
Soil Moisture (%) 37.0  36.9 36.4  37.5  NS 
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Table 5.35 presents the data in a slightly different format to better compare the rotational 
traction of pure couchgrass with one oversowing species at a time. The LSD values are 
not shown in the table, but are the same as from the previous ANOVA analyses.   
Table 5.35: Mean peak torque, rotational stiffness and soil moisture content of pure couchgrass 
plots compared to couchgrass oversown with perennial ryegrass (prg), Poa annua or Poa trivialis. 
Mean values within an assessment date followed by the same letter superscript are not 
significantly different (P = 0.05). 
                  
 
2nd June 2011  31st July 2011  21st Sept 2011 
 
Couch Couch & P.annua  Couch 
Couch & 
P.annua  Couch 
Couch & 
P.annua 
Peak torque (Nm) 76.8 b 73.5 b  55.3 
a 63.3 b  66.1 
a,b 75.5 c 
Rot Stiffness 
(Nm/deg) 4.85 
a 6.28 b  5.20 
a 6.08 b  4.10 
a 7.67 d 
         
 
Couch Couch      & prg  Couch 
Couch      
& prg  Couch 
Couch    
& prg 
Peak torque (Nm) 76.8 b 58.5 a  55.3 
a 58.8 a,b  66.1 
a,b 65.8 a 
Rot Stiffness 
(Nm/deg) 4.85 
a 5.19 a  5.20 
a 6.82 b  4.10 
a 5.42 b 
         
 
Couch Couch & P.trivialis  Couch 
Couch & 
P.trivialis  Couch 
Couch & 
P.trivialis 
Peak torque (Nm) 76.8 b 61.0 a  55.3 
a 56.8 a  66.1 
a,b 71.8 b,c 
Rot Stiffness 
(Nm/deg) 4.85 
a 5.40 a   5.20 a 5.33 a   4.10 a 7.02 c 
 
Couchgrass started winter with very high peak torque, which declined in mid-winter, and 
increased to higher levels again in spring. Its rotational stiffness increased slightly from 
June to July, but fell markedly in the spring. Compared to couchgrass on its own, 
oversowing with Poa annua resulted in significantly higher peak torque in July and 
September, and significantly higher rotational stiffness at all three assessments. As well 
as being significantly higher, the rotational stiffness of couchgrass blended with Poa 
annua exceeded the warning level of 6 Nm/deg at all three assessments.  
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Oversowing couchgrass with perennial ryegrass initially significantly reduced the very 
high peak torque of couchgrass in June. This is possibly due to immaturity of the 
perennial ryegrass at that stage, at just over four weeks since sowing. There were no 
significant reductions in peak torque by July or September, however, and oversowing 
couchgrass with perennial ryegrass actually caused a significant increase in rotational 
stiffness in July and September, compared to couchgrass on its own. The data show that 
oversowing pure couchgrass with perennial ryegrass does not consistently reduce peak 
torque, and can significantly increase rotational stiffness compared to pure couch.  
Compared to couchgrass on its own, oversowing with Poa trivialis initially reduced the 
very high peak torque of pure couchgrass in June. Again, this could be because of 
immaturity of the plants, which were sown only four weeks previously. By September, 
however, the presence of Poa trivialis resulted in a significant increase in peak torque and 
also rotational stiffness, compared to pure couchgrass. 
This was the first time that peak torque and rotational stiffness has been quantified on 
pure couchgrass compared with couchgrass oversown with C3 species in plots controlled 
for age, soil type and soil moisture. The initial perception was that oversowing couchgrass 
with perennial ryegrass would reduce rotational traction, and this appeared verified in 
June when the peak torque of couchgrass oversown with perennial ryegrass was 
significantly lower than pure couchgrass. Rotational stiffness, however, was not similarly 
reduced, and by July and September had become significantly higher than on pure 
couchgrass. These data clearly show no benefit in oversowing couchgrass on the basis of 
reducing rotational traction and potentially reducing ACL injury risk.  
With respect to Poa annua, there is a case for eliminating it as a second species in 
couchgrass swards on football fields based on the high rotational traction of the blend. 
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Compared to pure couchgrass, a couchgrass-Poa annua blend had significantly higher 
peak torque in July and September, and significantly higher rotational stiffness at all three 
assessments. As well as being significantly higher, rotational stiffness of the couchgrass-
Poa annua blend exceeded the warning level of 6 Nm/deg at all three assessments. These 
data are consistent with Chivers’ findings on rotational traction on couchgrass/Poa annua 
swards, and also his finding that ACL injury incidence was higher on AFL venues with 
that grass combination (Chivers, 2008).  
 
Conclusions 
There is no apparent benefit in oversowing a couchgrass football field with perennial 
ryegrass or Poa trivialis on the basis of reducing rotational traction and potentially 
reducing ACL injury risk. There is a case, however, for eliminating Poa annua as a 
second species in couchgrass swards on football fields, based on the high rotational 
traction of the blend and a potentially higher ACL injury risk.   
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Question 13: What effect does soil texture have on rotational traction? 
 
Rationale: Intuitively, one might expect that the low shear strength of sand rootzones 
would lead to low rotational traction, even in the presence of grass. Baker & Isaac (1987) 
reported that a coarse sand rootzone (D50 = 0.55mm) exhibited low SBA rotational 
traction of 20 – 26 Nm even when fully grassed (Baker & Isaac, 1987). Other research, 
however, has found rotational traction to be comparatively higher in sand rootzones than 
soil rootzones. Canaway (1983) stated that the choice of rootzone (sand or soil) had twice 
the influence on rotational traction as the choice of turf species.  Villwock (2009), Magni, 
Volterrani and Miele, (2004) and Reyneri and Bruno (2004) all reported higher rotational 
traction values on sand-based fields compared to a soil-based fields. It appears that 
natural turf in sand profiles can provide high rotational traction, but the specific, direct 
influence of soil texture is not clear. Rootzone properties such as shear strength and 
drainage rate can be involved in these traction outcomes, as well as agronomic quality and 
the ability to sustain vigorous and extensive below-ground biomass. Soil type is, to some 
extent, a modifiable factor in sportsfields, so further investigation of the influence of soil 
textural type on rotational traction is warranted. The aim of this experiment was to assess 
the direct influence of soil textural type on rotational traction.  
Materials and methods 
A set of replicated plots with a range of soil textural types (as characterised by the 
percentage of particles less than 100 μm in diameter) was constructed in February 2010. 
The different textural types were created by blending a sand with a clay loam soil, as 
detailed in Question 3 in Chapter 3. Rotational traction testing was conducted on nine 
different soil textural treatments, with four replicates of each treatment. Each plot was 1m 
x 1m x 0.15m deep, and separated from its neighbours by timber plinths. The underlying 
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soil was a well-drained, highly structured Ferrosol with sufficient permeability to avoid 
ponding. Samples from each blending batch were tested for their physical properties in 
the laboratory, and the percentage fines and Hydraulic Conductivity (Ksat) are recorded to 
characterise each rootzone.  The field plots were turfed with washed couchgrass (Santa 
Ana) in February 2010. In January 2011, rotational traction was assessed using the UB 
Turf Tester fitted with 17 mm studs, and soil moisture was tested by Theta probe. Testing 
was carried out several days after a previous rainfall, so the profiles were moderately 
droughted. Thatch depth was a uniform 25mm on all treatments, and the turf was of high 
quality and density, with 100% cover and extensive root mass. There were no visible 
differences in turfgrass quality or colour between treatments.   
Peak torque and rotational traction data were analysed by two-way ANOVA, and where 
significant differences between treatments were evident, least significant difference 
values calculated at an alpha level of 0.05.  
Results and discussion 
All rootzones were drier than Field Capacity at assessment, and could be characterised as 
moderately droughted. However, stud penetration was to the full depth in all tests, as 
evidenced by the steel disc sitting firmly into the turf with no visible gap between the disc 
and the surface. Table 5.36 presents laboratory characterisation of the nine different 
rootzone textural treatments, along with field tests on rotational traction and soil moisture. 
Treatment 1 was noticeably unstable at the time of testing, and had significantly lower 
peak torque than all the other treatments. This rootzone consisted of a clean, washed sand 
with a high Ksat and very low fines content. Treatment 1 also a low rotational stiffness, 
significantly lower than Treatments 5, 6 and 9.  
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Table 5.36: Rotational traction of couchgrass field plots with increasing % fines content. Fines 
content and Ksat were determined by laboratory analysis. Rotational traction and soil moisture 
content were determined in the field, with full grass cover. Mean peak torque and rotational 
stiffness values followed by the same letter subscript are not significantly different (P = 0.05). 
            
 Fines Ksat Soil  Peak  Rotational     
Treatment % mm/hr moisture % Torque (Nm) Stiffness (Nm/deg) 
1 1.0 548 6.1 44.8 a 3.00 a 
2 1.9 362 7.5 61.5 b  4.32 a,b 
3 2.4 352 7.7 55.0 b 3.95 a,b 
4 3.6 362 7.2 60.3 b 3.88 a,b 
5 5.5 335 8.7 61.3 b 5.31 b 
6 10.4 263 9 60.0 b 5.02 b 
7 14.5 115 10.6 61.5 b 4.50 a,b 
8 16.7 17 12.4 57.0 b 4.49 a,b 
9 44.2 0 21.8 58.5 b 4.59 b 
LSD (P = 0.05) - - - 8.9 1.55 
 
With the exception of Treatment 1, however, there were no significant differences in peak 
torque or rotational stiffness between treatments, and there was no trend to higher or 
lower rotational stiffness with higher rootzone fines content. In short, rootzone fines 
content had no significant direct influence on rotational traction in the conditions of this 
test. It is likely that the differences in traction measured in soils of different texture, and 
the conclusion that soil texture has a large influence on rotational traction (e.g. Canaway, 
1983), is due to indirect agronomic differences (drainage, fertility and root depth), rather 
than a direct influence.   
Conclusion: Highly permeable sands with very low fines content can lead to a reduced 
rotational traction when moderately droughted, but with that exception, rootzone texture 
has no consistent direct influence on rotational traction. Reconstruction of fields to a 
sand-based rootzone will not lead to a reduction in rotational traction.  
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Question 14: How does soil moisture level affect rotational traction? 
 
Rationale: The previous section concluded that rootzone textural type had no consistent, 
direct influence on rotational traction when the surface was fully grassed and moderately 
droughted. However, the situation might be different if the soil was at a higher moisture 
content. Previously it has been reported that rotational traction was positively correlated 
with rootzone water content in sands (Bell & Holmes, 1988; Gibbs, Adams & 
Baker,1989; Winterbottom, 1985). In non-sands, however, Baker (1991) and Rogers, 
Waddington and Harper (1988) reported that traction was negatively correlated with soil 
water content. In a 1997 report, McNitt, Waddington and Middour found no correlation 
between linear traction and soil water content, but in later report, McNitt and colleagues 
found that linear traction was higher at 30% soil moisture content compared to 20% 
moisture (McNitt, Landschoot & Waddington, 2004). On community-level Australian 
football grounds, Henderson et al. (2007) found no evidence that soil moisture influenced 
SBA peak torque readings at all.  
The soil moisture variable has particular relevance to this thesis, as the focus is on 
football ground conditions when the soil is droughted. It might be that drought leads to 
higher rotational traction, or possibly lower traction. It is likely that an interaction with 
soil texture is the cause of these contradictions, and that findings on the direct influence 
of soil moisture on rotational traction might be different for sands to the findings on soil.   
To investigate this further, rotational traction tests were conducted on plots at two 
different moisture contents in two separate trials. In the first trial, three different rootzone 
textural types were assessed. In the second experiment, only one soil type was tested, but 
two different turgrasses were involved. The aim of the experiments was to assess the 
direct effect of soil moisture on rotational traction.  
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Materials and methods 
 
Trial 1: Rotational traction tests were repeated on three of the soil textural treatments 
from the replicated couchgrass plots used in the previous section and using the same 
method, but this time with the soil at or near Field Capacity. The tests were conducted in 
May 2011, three months after the first tests, which were conducted when the soil was 
moderatly droughted. In both cases, the UB Turf Tester was fitted with 17mm studs, and 
soil moisture was tested by Theta probe. The intention was not to directly compare 
treatment traction between dates, but to investigate the influence of soil moisture and soil 
fines content on rotational traction within each date.   
 
Trial 2: An assessment of the effect of soil moisture on rotational traction was conducted 
on replicated perennial ryegrass and couchgrass plots at the Leigh Creek site. The soil 
type in this case was a clay loam. The full details of the establishment of these plots are 
described in Question 3 of this chapter. Two sets of traction tests were conducted, two 
weeks apart, which allowed a direct comparison of traction at or near Field Capacity (24th 
Feb 2011), and when the soil was drier (7th March 2011). Soil moisture of each plot was 
assessed by Theta probe. In this case the UB Turf Tester was fitted with 22 mm studs, 
which had been fitted to conduct an experiment on the effect of stud length.  
In both trials, peak torque and rotational stiffness values were subjected to a two-way 
ANOVA, and where significant differences between treatments were evident, least 
significant difference values calculated at an alpha level of 0.05.  
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Results and discussion 
Trial 1: The couchgrass provided a full coverage of high quality turfgrass at the time of 
testing, and there were no visible differences in quality or colour across treatments. Mean 
peak torque and rotational stiffness values are presented in Table 5.37, along with the 
laboratory test results for fines content and Ksat for the three rootzones. As described in 
the previous section, the pure sand rootzone (Treatment 1) provided a significantly lower 
peak torque and rotational stiffness when dry, compared to the treatments with higher 
fines contents. When the rootzones were near Field Capacity, however, this difference 
due to fines content was not evident. It appears that the moisture content of a highly 
permeable, clean sand does affect rotational traction; adequate moisture in such a 
rootzone avoids the low rotational traction that can occur on them when droughted.   
Table 5.37: Trial 1 - Mean rotational traction of couchgrass in three rootzones at two different soil 
moisture states (dry and near Field Capacity). For each date, mean peak torque and rotational 
stiffness values followed by the same letter subscript are not significantly different (P = 0.05).  
     
 
Soil textural treatment 
  1 2 3 LSD              
(P = 0.05) 
Fines (%) 1.0 16.7 44.2  
Hydraulic Conductivity (mm/hr) 548 17 0  
     Moderately droughted (29 Jan 2011)     
Soil moisture (%) 6.1 12.4 21.8  
Peak torque (Nm) 44.8 a 57.0 b 58.5 b 8.9 
Rotational  Stiffness (Nm/deg) 3.00 a 4.49 a,b 4.59 b 1.55 
     Near Field Capacity (6 May 2011)     
Soil moisture (%) 12.4 20.2 35.8  
Peak torque (Nm) 61.3  58.0  59.8  NS 
Rotational Stiffness (Nm/degree) 4.36 a 4.04 a 5.10 b 0.60 
 
In the two non-sand rootzones there was no significant difference in peak torque due to 
diffences in their fines content or soil moisture content. And there was no significant 
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difference in rotational stiffness between the loamy sand rootzone (16.7% fines) and the 
clay loam (44.2% fines) when moderately droughted. However, at Field Capacity the clay 
loam had significantly higher rotational stiffness than the loamy sand. In practical terms, 
the influence of soil moisture content on rotational traction was minor in the non-sand 
media. However, in the high-sand rootzone, a reduction in soil moisture led to a reduction 
in rotational traction.  
Trial 2: In the second trial, all plots had a full cover of high quality turfgrass at the time 
of testing. As Tables 5.38 and 5.39 show, the two week drying period significantly 
reduced soil moisture levels, although to a greater extent in perennial ryegrass than in 
couchgrass. Surface hardness increased significantly in perennial ryegass, but the increase 
in hardness was not significant in couchgrass.  
For both perennial ryegrass and couchgrass there was a non-significant increase in peak 
torque and a significant increase in rotational stiffness in the drier profile compared to 
when the profile had more moisture. The increase in perennial ryegrass rotational stiffness 
was particularly high, resulting in rotational stiffness in excess of 6 Nm/deg. It is evident 
that, in this soil type, a reduction in soil moisture led to an increase in rotational traction.   
Table 5.38: Mean peak torque, rotational stiffness, hardness and soil moisture on replicated plots 
of perennial ryegrass growing in a uniform clay loam. Means followed by the same letter 
superscript are not significantly different (P = 0.05).  
  
        
 Perennial Ryegrass 
  24th Feb (near FC) 7th Mar (drier) LSD (P = 0.05) 
Peak torque (Nm) 41.3  48.5  NS 
Rotational stiffness (Nm/deg)  4.53 a 6.42 b 1.2 
Hardness (g) 118 a 149 b 21 
Soil moisture (%) 24.9 a 18.4 b 2.4 
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Table 5.39: Mean peak torque, rotational stiffness, hardness and soil moisture on replicated plots 
of couchgrass growing in a uniform clay loam. Means followed by the same letter superscript are 
not significantly different (P = 0.05).  
       
  Couchgrass 
  24th Feb (near FC) 7th Mar (drier) LSD (P = 0.05) 
Peak torque (Nm) 59.5  63.8  NS 
Rotational stiffness (Nm/deg) 4.35 a 5.17 b 0.96 
Hardness (g) 82  96  NS 
Soil moisture (%) 31.4 a 28.2 b 2.1 
 
 
Conclusion 
The influence of soil moisture on rotational traction cannot be separated from its 
interaction with soil textural type. As in other physical behaviours reported in this thesis, 
sand behaviour is different to non-sand behaviour, especially when droughted. On high-
sand rootzones with low fines content, reducing soil moisture content led to a  reduction 
in rotational traction. This is consistent with Bell and Holmes (1988), Gibbs, Adams and 
Baker, (1989) and Winterbottom (1985), who were reporting data in sand media. The 
effect is probably related to the low shear strength of pure sand, which is much more in 
evidence when soil moisture is low. Rotational traction on this type of rootzone increases 
when soil moisture is increased to Field Capacity, at which point its rotational traction 
values are similar to non-sand rootzones. On non-sand rootzones, however, reducing soil 
moisture content usually leads to an increase in rotational traction, although this increase 
is not always significant or consistent. This agrees with the findings of Baker (1991) and 
Rogers, Waddington and Harper (1988). With the exception of the high-sand rootzone, 
the direct influence of soil moisture on rotational traction appears to be minor, and does 
not suggest a clear strategy to moderate rotational traction on football fields.   
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Question 15: Is there a significant difference in rotational traction when 
foliage is wet, compared to when it is dry?  
 
Rationale: A damp turfgrass surface (e.g. from dew) is more slippery than a dry surface, 
which is clearly evident when wearing smooth-soled footwear. However, the effect of 
foliage wetness on rotational traction has not been widely tested. Traction involves a three 
dimensional interaction between studs and the profile, but it might include some 
contribution from surface friction. Smeets et al. (2012) found no difference in peak torque 
on natural grass if the foliage was dry (35 Nm), or wet (34 Nm), so leaf wetness might not 
physically affect rotational traction. However, it could influence the player’s perception 
of grip and their choice of boot, and thereby have an indirect effect on the rotational 
traction they would experience. This experiment was initiated to re-test the finding of 
Smeets et al (2012), that surface moisture had no effect on the rotational traction of a 
studded boot.  
Materials and methods 
Tests were performed at the Leigh Creek site in May 2012 on a single, uniform perennial 
ryegrass plot of 1.2 m x 12 m. The strip consisted of a blend of the cultivars Fiesta 4, 
Arena 2 and Centurion. At the time of testing, the turf quality and density were high and 
groundcover was 100%. The UB Turf Tester was fitted with 17 mm studs, and traction 
tests were conducted at sixteen replicate locations when the surface foliage was 
completely dry. The tests were repeated within 30 cm of the first test locations after the 
foliage had been wetted to simulate the effect of a dew or light shower. Wetting was 
achieved with two passes of a 1 m wide pedestrian boom spray powered by electric pump, 
delivering a total of 0.5 L/m2 (equivalent to 0.5mm of precipitation). Traction tests on the 
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wetted foliage were conducted within 15 minutes of the wetting process. The weather was 
overcast and cool with little wind, so surface drying was slow. Volumetric soil moisture 
content was measured at each test location using a Theta probe. Soil moisture, peak 
torque and rotational stiffness values were analysed by a paired t test between the dry 
foliage and wet foliage state.   
Results and discussion 
Table 5.40 presents rotational traction data on the dry and wetted perennial ryegrass 
surface. There were no significant differences in soil moisture content, peak torque or 
rotational stiffness between the dry or the wet state.  
Table 5.40: Mean peak torque, rotational stiffness and soil moisture on perennial ryegrass sward 
with dry or wet foliage.   
 
      
 Surface condition LSD 
 Dry Wet (P = 0.05) 
Peak torque (Nm) 60.0  59.2  NS 
Rotational Stiffness (Nm/deg) 6.64  6.40  NS 
Soil Moisture (%) 35.2  35.0  NS 
 
There is little doubt that the surface friction of the perennial ryegrass surface was lower 
when its foliage was wet, but this experiment found no significant difference in rotational 
traction between wet and dry foliage.  
 
Conclusion 
 
Rotational traction of a studded boot on perennial ryegrass is not affected by surface 
(foliage) wetness. 
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Question 16: What is the variation in rotational traction between the 
agronomic conditions tested so far? 
 
Rationale: Testing the effect of a range of agronomic variables on rotational traction, as 
this chapter has done, leads to an important general conclusion: To avoid high rotational 
traction and reduce ACL injury risk, one should focus on strategies that are modifiable, 
have a clear and consistent effect, and have high leverage on the outcome. Strategies that 
don’t reliably avoid high traction, or that have a relatively weak effect on it, are unlikely 
to be helpful.  
Various agronomic factors have been found to influence rotational traction to a greater or 
lesser extent, and these can potentially be modified on community- level football fields to 
achieve a safer outcome. The aim is to eliminate excessively high rotational traction, but 
there are other considerations. First, traction must be maintained above a certain 
minimum to ensure good playing conditions.  Second, traction would ideally be uniform 
across the whole field because of a ‘lowest common denominator’ concept: a player will 
wear a boot type that provides grip on the lowest traction zone of the ground, even if that 
zone is only small in area. If the variation in traction on the field is high, that boot might 
provide excessively high rotational traction on other zones on the field, with resultant 
high ACL injury risk. Conceptually, it might only take one footplant in a pivot manoeuvre 
with that boot on that high-traction zone to result in an ACL injury.  
Various statistical treatments can be used to express uniformity or variation, depending on 
the idea being communicated. The ‘one footplant’ concept raised in the previous 
paragraph suggests that a simple expression of both the minimum and maximum peak 
torque or rotational stiffness of a treatment would be more readily interpreted than 
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statistical expressions, such as standard deviation, that mask outlying values. We can then 
compare these values to a range of accepted values. The minimum peak torque for 
satisfactory performance has been proposed as 20 Nm (Chivers & Aldous, 2003). There 
are no published guidelines for a minimum rotational stiffness, although the data 
throughout this chaper suggests a  reasonable minimum rotational stiffness value for 
satisfactory performance of 2 Nm/deg. An upper desirable peak torque to reduce ACL 
injury risk is 75 Nm (Chivers & Aldous, 2003). This thesis has proposed an upper limit 
for acceptable rotational stiffness as 6 Nm/deg, which is based on information regarding 
the mechanism of ACL injury. A football field with values both above and below that 
range would indicate a special hazard, because the player will select a boot to cope with 
the lower traction areas, and would be at risk when running on areas with higher traction.  
The aim of this section is to examine the variation (minimum and maximum values) in 
peak torque and rotational stiffness within the different agronomic treatments that have 
been tested in this chapter, and see if this suggests any clear, consistent, high-leverage 
solutions to the problem of excessive rotational traction.    
 
Materials and methods 
Various data were selected from rotational traction assessments conducted throughout the 
chapter, as well as data collected on synthetic turf where the author assisted. The major 
discussion will be presented after the presentation of data.  
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Results and discussion 
Variation on synthetic turf 
While not used in a specific experiment in this chapter, it is relevant to examine the range 
of rotational traction values found on a uniform sample of synthetic turf. The author 
assisted in an honours study using the UB Turf Tester on a third generation synthetic 
surface with crumbed rubber infill (McCavour, 2012, unpublished data). Rotational 
traction data were obtained from 100 tests on the surface. Each test was conducted on a 
new location on the sample, and the turf sample was brushed between tests to evenly 
redistribute the crumbed rubber. Surface temperature varied within a narrow range in the 
range (14 – 20oC) between tests. The mean peak torque was 53.2 Nm, and ranged 
between 39 – 68 Nm. The mean rotational stiffness was 2.64 Nm/deg and ranged between 
1.62 – 2.77 Nm/deg.  The conclusion is that boot-surface traction is a complex, three 
dimensional interaction. Even when testing a uniform, synthetic surface with an 
automated device, a wide range in peak torque and rotational stiffness values was found. 
It should not be surprising, therefore, to encounter an even wider range of values on 
natural turf.  
Variation within and between replicated plots 
UB Turf Tester data for the four main turfgrass species from eight assessment dates on 
the Leigh Creek plots were selected for further analysis. As demonstrated earlier in this 
chapter, these replicated plots were of the same age and on the same, uniform soil type, 
and maintained a full cover of high quality turfgrass through the eight assessments during 
the full year of testing. Soil moisture content, thatch depth and CIST hardness were also 
well controlled, and ANCOVA analysis found no significant effect from these on either 
peak torque or rotational stiffness.   
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Within plot variation: The greatest within-plot variation in peak torque was seen on a 
Kentucky bluegrass plot on 20th December 2011, where values ranged from 48 – 92 Nm. 
The highest within-plot variation in rotational stiffness was seen on a perennial ryegrass 
plot, where values ranged from 1.83 – 9.27 Nm/deg, also on 20th December 2011. Table 
5.41 shows the largest minimum to maximum variation between tests within a single plot, 
for each species on 20th December 2011.  
Table 5.41: Variation in peak torque and rotational stiffness within single 2m x 2m turfgrass plots 
 
Largest within-plot variation 
 
Peak torque (Nm) 
 
Rotational stiffness (Nm/deg) 
  Overall mean Min to Max 
 
Overall mean Min to Max 
Couchgrass 70.3 73 – 94  
 
6.84 5.29 – 6.58  
Perennial Ryegrass 68.5 42 – 84  
 
7.41 1.83 – 9.27  
Tall Fescue 67.1 46 – 77  
 
6.52 3.28 – 7.62  
Kentucky Bluegrass 75.6 48 – 92    7.23 3.94 – 9.12   
   
These data demonstrate the extent of variation in peak torque and rotational stiffness that 
can be found within a short distance on a seemingly uniform plot of grass, even when that 
plot is of high quality, visually uniform in colour and density, and highly uniform with 
respect to soil type, soil moisture, CIST hardness and thatch depth.   
Within species variation, between replicates, on any one assessment date: The highest 
within-species variation seen on four replicates on any particular assessment date was 
again seen on 20th December 2011. Peak torque on Kentucky bluegrass varied from 48 – 
92 Nm, and rotational stiffness on perennial ryegrass varied from 1.8 – 9.6 Nm/deg. This 
range in rotational stiffness is from below the acceptable level (2 Nm/deg) to above the 
desired level (6 Nm/deg). There were two other instances where this occurred on the one 
assessment date, for tall fescue (1.8 – 7.5 Nm/deg) and couchgrass (1.9 – 6.9 Nm/deg), 
both on 5th December 2010. So within-species variation in rotational traction within a 
small distance and on the same day can be very high.  
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Between species on any assessment date: The highest variation between the four main 
species tested on any one assessment date was between tall fescue (47 Nm) and Kentucky 
bluegrass (86 Nm) for peak torque, on 21st September 2011, and between Kentucky 
bluegrass (3.7 Nm/deg) and perennial ryegrass (10.5 Nm/deg) for rotational stiffness, on 
that same date. So the variation within a single plot on any one day, or between replicates 
of a species on any one day, is actually greater than the variation between turfgrass 
species on any one day.   
Within species over a full year: The variation in peak torque and rotational stiffness 
values of each grass over the full year is presented in Table 5.42. Couchgrass had the 
widest range in peak torque and perennial ryegrass the widest range in rotational stiffness.  
Table 5.42: Range in individual peak torque and rotational stiffness values over the full year.  
 
    
  Peak torque range 
(Nm) 
Rotational stiffness range 
(Nm/deg) 
Couchgrass 25 - 95 1.92 - 8.80 
Perennial ryegrass 28 - 84 1.83 - 10.51 
Tall fescue 22 - 85 1.86 - 7.92 
Kentucky bluegrass 34 - 92 2.85 - 9.74 
 
The highest variation in mean (as opposed to individual) peak torque values over time 
was in couchgrass (47 – 81 Nm), and the highest between-season variation in mean 
rotational stiffness was found in perennial ryegrass (4.9 – 8.4 Nm/deg).  
When a turfgrass species is selected for a football ground, one might have expected that if 
grass coverage and quality was uniform and high, and other factors such as soil moisture 
and hardness were consistent, then it would provide consistent rotational traction spatially 
and through time. This was not found to be the case in the data collected in this chapter.  
In fact, rotational traction varies considerably even over a short distance, and from month 
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to month. An investigation of the reason for this variation was beyond the scope of this 
thesis, and is likely to be complex and involve below-ground factors such as root and 
rhizome vigour. The variation in rotational traction within a species, even within a short 
distance, can be greater than the difference in rotational traction between species. This 
finding challenges the logic of recommending a particular turf species in an attempt to 
universally reduce ACL injury risk.  
 
Variation due to other agronomic differences 
Table 5.43 summarises the minimum and maximum peak torque and rotational stiffness 
values measured in trials during this thesis where a single agronomic factor was varied 
between treatments, with other factors well controlled. The table doesn’t provide 
information on the influence of each factor on rotational traction behaviour, but simply 
the extent of variation across treatments due to differences in that factor.   
By far the greatest variation in rotational traction was seen on in-situ football grounds, 
and was due to variation in turfgrass groundcover, especially where above and below-
ground biomass had been lost in heavily trafficked sections of those fields. The extreme 
range in rotational stiffness was especially evident on sand-based fields. The instance 
with the most extreme range of peak torque and rotational stiffness values is highlighted 
in Table 5.43. This was recorded on one day on a sand-based football ground, where peak 
torque varied from 1 Nm on a denuded area, up to 82 Nm on a well-grassed area. 
Rotational stiffness varied from 0.1 Nm/deg on the denuded area, up to 7.0 Nm/deg on 
the well grassed zones.  
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Table 5.43: Minimum and maximum peak torque and rotational stiffness values measured where a 
single agronomic factor was varied between treatments. 
      
 Peak torque   Rotational stiffness   
Source of variation range (Nm) range (Nm/deg) 
   
Between species (over one year) 46 - 81 4.3 - 8.4 
   
Between seasons (for any species) 47 - 81 4.9 - 8.4 
   
Between couchgrass cultivars 72 - 89 5.6 - 7.0  
   
Between ryegrass cultivars 47 - 58 4.4 - 6.2 
   
N rates on perennial ryegrass 45 - 57 5.0 - 5.3 
   
Couchgrass thatch depth 50 - 54 4.5 - 5.4 
   
Couchgrass groundcover (summer) 35 - 86 3.2 - 9.1 
   
Couchgrass groundcover (winter) 43 - 83 3.1 - 7.9 
   
Couch groundcover (soil fields in situ) 11 - 67 1.4 - 6.9 
   
Couch groundcover (sand fields in situ) 1 - 82 0.1 - 7.0 
   
Couch ± C3 oversow (June 2011) 59 - 77 4.9 - 6.3 
   
Couch ± C3 oversow (July 2011) 55 - 63 5.2 - 6.8 
   
Couch ± C3 oversow (Sept 2011) 66 - 76 5.4 - 7.7 
   
Soil textural type  45 - 62 3.0 - 5.3 
   
Soil moisture content 45 - 61 3.0 - 5.1 
   
Soil moisture (in perennial ryegrass) 41 - 49 4.5 - 6.4 
   
Soil moisture (in couchgrass) 60 - 64 4.4 - 5.2 
 
Comparing the mean rotational traction values of different treatments in isolation is not 
logical, and can lead to flawed conclusions. Variation in rotational traction also needs to 
be considered. The analysis shows that rotational traction varies considerably over a small 
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distance, even on a seemingly uniform surface, as well as between grasses, and between 
seasons. It seems pointless proscribing one turf species over another based on their mean 
rotational traction values, when the spatial or temporal variation within that species is 
actually higher than the difference between two species. This leads to an insight that the 
degree of variation in rotational traction on a field could constitute a considerable injury 
risk in its own right. Players don’t want to slip over, and will wear boots that are suited to 
the lower traction areas of a ground, such as denuded areas. This means that boot-surface 
rotational traction on well-grassed areas of the field could be excessive. The issue of boot 
influence on rotational traction will be investigated in the next chapter, but this section 
has identified that the agronomic variable with the highest influence on rotational traction, 
through variation in rotational traction, is turfgrass coverage.  
 
Conclusion 
The conclusion, then, is that maintaining turfgrass coverage on a field, and reducing 
variation in rotational traction, is the agronomic strategy with the highest leverage in 
reducing ACL injury risk.   
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Conclusions and further discussion from Chapter 5 
 
The UB Turf Tester provides peak torque values that are not significantly different to 
those derived from a Studded Boot Apparatus. While this isn’t essential, it allows 
comparisons with other research using the SBA.  
As well as providing peak torque values, the UB Turf Tester captures torque vs rotation 
data that can be manipulated in various ways. Biomedical data on the ACL injury showed 
that the injury occurs very soon after footstrike, and that torque values greater than 35 Nm 
are implicated in ACL damage. Rotational stiffness, defined as the slope of the trend line 
in the first 6o of rotation, appears highly relevant to this ACL injury context. It had two 
other advantages – its value was determined from twelve individual datum points, not just 
one, and the 0 – 6o trend line was highly linear in a wide sampling of tests on natural turf. 
No other rotational traction parameters appeared to provide additional insight or expose 
differences between treatments beyond that provided by rotational stiffness. Peak torque 
was not very strongly correlated with rotational stiffness, but it was considered necessary 
to continue using it in data analyses, as most external research and standards testing is 
based purely on peak torque.   
The experiments challenged a number of current recommendations aimed at reducing 
rotational traction in elite-level football, such as using perennial ryegrass instead of 
couchgrass, oversowing ryegrass into couchgrass fields, and reducing thatch depth. 
Thatch depth had no clear or consistent effect on rotational traction, and reducing thatch 
depth resulted, in some cases, in an increase in rotational traction. Similarly, oversowing 
couchgrass with perennial ryegrass provided no clear or consistent reduction in rotational 
traction, and in some cases resulted in increased rotational traction. With respect to 
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turfgrass species, perennial ryegrass had significantly higher rotational stiffness than 
couchgrass on four assessment dates, and at no time was the mean rotational stiffness of 
couchgrass higher than perennial ryegrass. As rotational stiffness is arguably more 
relevant to ACL injury than peak torque, there appears no reason to favour perennial 
ryegrass and to recommend against the use of couchgrass for reasons concerning ACL 
injury risk. In fact, a recommendation in favour of couchgrass and against the use of 
perennial ryegrass could be proposed to universally reduce rotational traction on football 
fields.  
However, it became clear that other agronomic variables had potentially greater leverage 
on ACL injury risk than species type. Seasonal effects, for example, had a greater effect 
on rotational traction than species type. A recommendation for a specific turfgrass on the 
basis of rotational traction is meaningless if traction on the field varies more from month 
to month than between grass types. Rotational traction also varies considerably within a 
seemingly uniform plot, highlighting the complex, three-dimensional nature of the 
turgrass-soil-stud interaction.   
Other agronomic variables were assessed for their effect on rotational traction, searching 
for a modifiable variable with a clear, consistent and high- leverage influence. Variations 
in soil textural type or soil moisture content provided no such solution. Sand topdressing 
(dusting), on the other hand, significantly reduced rotational traction, and merits further 
research. Its effect on surface drainage needs to be assessed before it could be 
recommended on soil-based community-level fields. There is also the problem of low 
shear strength with sands; in an assessment of in situ couchgrass fields, two sand-based 
fields and one soil-based field that had been topdressed with a sand carpet had areas 
where biomass had been removed by excessive wear. These areas had been gouged out, 
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which disrupted surface levels and reduced the overall playing quality of the ground. 
These areas were also found to provide minimal rotational traction, while nearby grassed 
areas provided high traction. This led to consideration of the issue of rotational traction 
from a new perspective. The ‘lowest common denominator’ and ‘one footplant’ concepts 
argue that a player will choose a boot to suit the worst traction area of a ground, in order 
to maintain footing. When performing a pivot manoeuvre with that boot on a well-grassed 
area of the ground, the resultant boot-surface rotational traction could be excessively high 
and create a high ACL injury risk. Using those concepts, the agronomic variable with the 
clearest, most consistent influence and highest leverage on rotational traction outcomes 
and ACL injury risk is the range in rotational traction experienced on a playing field at 
any one time.  
In assessments of in situ football grounds, peak torque values of less than 10 Nm and 
rotational stiffness values of less than 1 Nm/deg were recorded on areas where turf 
biomass had been removed by wear. On the same field, peak torque in excess of 75 Nm 
and rotational stiffness in excess of 6 Nm/deg could be measured in the well-grassed 
areas. This finding led to a discussion of two possible approaches to reduce ACL injury 
risk from excessive rotational traction.  
The first approach is to attempt a universal reduction in rotational traction by adopting a 
low-traction surface. The data in this thesis suggest that mandating the use of perennial 
ryegrass would not achieve this outcome, but, potentially, sand dusting could. The 
counter to this approach is that players could simply select boots with higher traction to 
compensate for the lower traction provided by the surface.  
The second approach is to ignore how high the rotational traction measurements might be 
on a field, and focus on retaining groundcover and uniformity of traction across that field. 
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The catchcry of this approach is there is no such thing as excessive surface rotational 
traction, only excessive boot-surface rotational traction. Even a peak torque of 100 Nm 
and a rotational stiffness of 8 Nm/deg is acceptable, provided that players wear 
appropriate boots. An advantage of this approach is that some responsibility for boot-
surface rotational traction, and ACL injury risk, shifts from the surface provider to the 
players, who decide what boots to wear.  
However, both approaches still require that ground owners manage traffic and ground 
usage to prevent biomass loss in high wear zones. This is especially critical in sand-based 
fields due to the low shear strength and traction of sand when biomass is absent. 
Construction of a field with a well-drained sand rootzone provides many agronomic 
benefits, but a high emphasis must be placed on retaining turf coverage. The owners of a 
community field might try to justify the expense of a sand-based construction by 
scheduling more games onto that field. And in periods of wet weather when neighbouring 
soil-based fields are boggy, it would be tempting to transfer games across to the well-
drained sand field. Both of these practices should be avoided if it threatens to denude 
biomass from high wear zones, as the variability in traction from biomass loss on a sand-
based field is greater and potentially more dangerous than on a soil-based field.   
Two final concluding statements can be made. First, a sportsground turfgrass species 
should be selected based on its ability to sustain biomass over the whole ground and 
through the full season, given the constraints under which it is grown, rather than on its 
rotational traction characteristics.  Second, placing greater responsibility for boot-surface 
rotational traction onto players requires a greater understanding of how boot factors such 
as stud length, number and placement influences rotational traction, and at some stage 
requires an extension of this awareness to players. That is the subject of the next chapter.    
353 
 
Chapter 6: The effect of boot and studs on rotational traction 
 
Introduction 
There are two essential components in a rotational traction outcome, the surface and the 
boot. Each has its own suite of variables, and there is an almost infinite array of 
combinations. Australian epidemiological research on the link between extrinsic factors 
and ACL injury incidence has focused on surface variables, especially the grass species. 
Orchard’s epidemiological studies identified a higher risk of ACL injury on couchgrass 
compared to perennial ryegrass, resulting in his recommendation that perennial ryegrass 
be used on football fields in preference to couchgrass wherever possible in order to 
reduce ACL injury risk. He argued against players being forced to wear boots with lower 
traction, and contended that changing the playing surface would lead to a universal 
reduction in rotational traction that would affect all players (Orchard, 2005).    
In contrast to this, the international research into ACL injury risk has focused on boots, or 
at least viewed rotational traction as a necessary interaction of both boots and surfaces. 
Cameron and Davis (1973) and Torg and colleagues (1971, 1973, 1974) reported a higher 
number of knee and ankle injuries among players wearing boots with longer studs 
compared to when wearing boots with shorter studs. Lambson, Barnhill and Higgins 
(1996) also found a significantly higher rate of injuries among players wearing boots with 
a higher peak torque than other boots tested, and concluded that cleat design and its effect 
on rotational traction had a major influence on ACL injury risk. Heidt et al. (1996) 
recommended that boot manufacturers indicate what conditions a particular boot was safe 
for, to allow athletes to make informed decisions when selecting boots.  
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Boot peak torque increases with greater stud length, greater peripheral placement and 
with blade-shape compared to conical-shape (Villwock, 2009; Villwock, Meyer, Powell, 
Fouty, & Haut, 2009a; Villwock, Meyer, Powell, Fouty, & Haut, 2009b). Peak torque, 
however, is only reached at high rotation angles. Several authors (Canaway, 1975; Drakos 
et al., 2010; Fujikake, Yamamoto & Takemura, 2007; Livesay, Reda & Nauman, 2006; 
Otago et al., 2007; Williams, Hume & Kara, 2011) have suggested that rotational stiffness 
might be more relevant to the ACL injury and a more sensitive indicator of boot-surface 
rotational traction than peak torque.   
The previous chapter discussed two approaches to avoiding excessive rotational traction 
and reducing ACL injury risk. The first approach is to provide a universal low-traction 
surface that would affect all players (Orchard, 2005). The second approach is not to try to 
universally reduce surface traction, but eliminate high-traction outcomes by boot 
selection. This assumes that commercially-available boots types offer a sufficient range of 
rotational traction. The main aim of this chapter is to test this assumption by comparing 
the peak torque and rotational stiffness of various boot types on a consistent turf surface. 
If it turns out that boot factors have a relatively limited influence on rotational traction, 
then the universal approach recommended by Orchard (2005) might be more effective in 
reducing ACL injury risk. If, however, boot selection has a high influence on rotational 
traction, then it might be simpler and more effective to focus on boot selection to reduce 
ACL injury risk.  
A second aim of this chapter is to more generally explore the influence of boot and stud 
factors on traction (Figure 6.1) to see if this provides insight and direction to the 
conclusions regarding boot selection and these two approaches to ACL injury risk.    
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Figure 6.1: Summary of Chapter 6 research directions, and links to previous chapters 
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Question 1: Is there any difference in surface friction between perennial 
ryegrass and couchgrass, and how does surface moisture affect this? 
 
Rationale: An experiment in the previous chapter showed that surface (foliage) wetness 
had no significant effect on the rotational traction of perennial ryegrass using the UB Turf 
Tester with 17 mm studs. The boot studs penetrated the grass and soil profile, and it 
appeared that surface friction had little influence on the outcome.   
However, during testing it was evident to the author that there was a real difference in the 
surface grip between couchgrass and perennial ryegrass when wearing smooth-soled 
trainers on wet foliage. There was no discernible difference in grip between the two 
grasses when the surface was dry, but when the foliage was wet perennial ryegrass 
became very slippery in the smooth-soled trainers. Any attempt at sudden acceleration or 
pivoting resulted in the foot slipping out from underneath, often resulting in a fall. On 
couchgrass, however, there was no discernible loss in grip during these manoeuvres 
whether the surface was wet or dry. The author also observed students playing lunchtime 
soccer on a couchgrass field with wet foliage in mid-winter. The students were wearing a 
range of footwear from tennis shoes to basketball and running shoes and none of them 
had football-type studs, yet their grip when executing vigorous soccer manoeuvres was 
surprisingly good despite the fact that none of the shoes had football-type studs.  
In contrast, damp perennial ryegrass appears to be very slippery. In fact this slickness can 
suit a soccer team that relies on fast, accurate passing as it allows the ball to skid. The turf 
manager at the Melbourne Olympic Park Trust is instructed to wet the foliage of the 
perennial ryegrass surface on AAMI Park by a short irrigation immediately before soccer 
games for this exact reason (A. Black, pers. commun., 2012).  
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There seems to be a difference in frictional behaviour between perennial ryegrass and 
couchgrass, which could be relevant to the traction discussion. While surface friction 
seems to have little effect on real traction, where boot studs penetrate the surface, the 
slipperiness of wet perennial ryegrass could affect one’s perception. It might, for 
example, lead to an intuitive belief that there is a lower chance of foot fixation on 
perennial ryegrass compared to couchgrass. Perversely, the slipperiness of a damp 
perennial ryegrass surface might lead players to select boots with longer studs and 
actually increase their chance of foot fixation and ACL injury.  
The report by Stanitski, McMaster and Ferguson (1974) offered a suitable method to test 
the surface friction of footwear. They measured friction coefficients (μ = F/N) of various 
boots on synthetic turf using a calibrated spring scale to measure the force required to 
initiate movement of a full foot outsole (size 13) under an 11.4 kg normal weight. As 
noted in the Chapter 2 literature review, linear friction coefficients above 0.3 are adequate 
for walking, 0.6 for braking when running, 0.7 for propulsion when running, and 0.8 for 
braking as part of a cutting manoeuvre (Valiant, 1993). Coefficients above 0.8 are 
considered more than adequate for even the most powerful athletic movements 
(Frederick, 1993). In a more recent report, coefficients above 0.5 did not subjectively or 
objectively change an athlete’s ability to perform a cutting manoeuvre (Pedroza, 
Fernandez, Heidt & Kaeding, 2010). It would be valuable to compare the friction 
coefficients of couchgrass and perennial ryegrass and assess them against these reported 
values, and to see if the findings provide some insight into the difference in grip between 
these grasses.  The aim of this experiment was to quantify and compare the linear friction 
coefficient of various boot types on couchgrass and perennial ryegrass, with wet foliage 
and with dry foliage.   
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Materials and methods 
Following the general method of Stanitski et al (1974), the excised soles of the forefoot 
section from a rubber-soled sandal, a worn, smooth-soled casual training shoe and from 
three football boots were trimmed to create a similar surface area. These were then fixed 
to 100mm wide x 50mm high x 120 mm long wooden blocks (samples shown in Figure 
6.2). The blocks were attached by a 1 m long x 2 mm diameter wire cable to a hand-held 
digital scale (CE, model OCS-2), reading in kilograms to two decimal places. A 10 kg 
weight was fitted to the top of each block, and the test consisted of slowly increasing the 
pull on the the cable and block, parallel to the ground and normal to the direction of 
travel, until movement was initiated (i.e. a static friction test). The peak load indicated on 
the digital scale was recorded and results were converted to friction coefficient values (µ) 
for analysis, where µ = F/N and F = the weight read from the digital scale and N = normal 
load (10.3 kg block and weight).  
 
Figure 6.2: Bladed boot and short rubber dimple soles fitted to blocks for linear grip testing 
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The five sole types were tested in May 2012, on adjacent 14m2 plots of perennial ryegrass 
(Trio Pro blend) and couchgrass (Santa Ana). The turfgrass plots were in the same soil 
type, of the same age (two years old), and both had uniformly high density and quality. 
The initial tests were conducted when the foliage was dry, assessed by pressing a sheet of 
paper to the foliage and checking that no dampness was evident. Six replicate static 
friction tests of each boot type were conducted in marked locations. The surface foliage 
was then wetted by applying 0.2 L/m2 (2,000 L/ha) of water to each test area using a 1m 
wide pedestrian boom spray. Static friction was re-tested within 100 mm of the dry test 
locations, and within 15 minutes of water application. The ambient temperature was 14oC, 
and the weather was cloudy with no wind. Volumetric soil moisture was assessed 
randomly in ten locations on each grass plot before and after wetting by Theta probe. 
Statistical analysis of the μ values was by a paried t test comparison for each sole type on 
the wet and the dry foliage treatments, and least significant differences between 
treatments were calculated at an alpha level of 0.05.  
 
Results and discussion 
Volumetric soil moisture was uniform across the plot area (mean 39%, CI 95%  ± 1%), and 
there was no significant difference in volumetric soil moisture content between the 
couchgrass and perennial ryegrass plots, or between the before and after wetting 
condition.  
Table 6.1 presents the mean friction coefficients in the wet and the damp state of the five 
boot types on perennial ryegrass. Mean μ values were significantly lower on wet 
perennial ryegrass foliage compared to dry foliage for the smooth-soled trainer, the 
rubber-soled sandal and the turf shoe with short rubber dimples, but not for the turf shoe 
360 
 
with large rubber dimples or the bladed boot. Mean μ values for the smooth-soled trainer 
were 0.62 on dry foliage and 0.43 on wet foliage.  
Table 6.1: Mean friction coefficients of five boot sole types on perennial ryegrass with dry or wet 
foliage. Values followed by the same letter superscript are not significantly different (P = 0.05).   
 
      
 Perennial ryegrass static friction coefficient 
  Dry foliage Wet foliage LSD (P = 0.05) 
Smooth soled trainer 0.62 b 0.43 a 0.11 
Rubber soled sandal 0.67 b 0.34 a 0.16 
Short dimple turf shoe 1.22 b 0.70 a 0.18 
Large dimple turf shoe 0.98  0.86  NS 
Bladed boot 1.68  1.49  NS 
 
As noted earlier, the author was able to execute a cutting manoeuvre in the smooth-soled 
trainers on dry perennial ryegrass but not when the foliage was wet, which is consistent 
with Pedroza’s (2010) contention that μ values above 0.5 do not subjectively or 
objectively change an athlete’s ability to perform a cutting manoeuvre.  
On couchgrass, however, μ was only significantly lower on wet foliage compared to dry 
foliage for one shoe type, the turf shoe with short rubber dimples (Table 6.2).   
Table 6.2: Mean friction coefficients of five boot sole types on couchgrass with dry or wet 
foliage. Values followed by the same letter superscript are not significantly different (P = 0.05).   
    
 Couchgrass static friction coefficient 
  Dry foliage Wet foliage LSD (P = 0.05) 
Smooth soled trainer 0.55  0.53  NS 
Rubber soled sandal 0.60  0.51  NS 
Short dimple turf shoe 1.25 b 0.97 a 0.23  
Large dimple turf shoe 1.02  0.97  NS 
Bladed boot 1.66  1.60  NS 
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The μ value on the short dimple turf shoe on wet couchgrass foliage was 0.97, so it is 
unlikely that athletic movement would be affected in any case. On the other shoe types 
there were no significant differences in mean μ between the wet and dry state.  
The data indicate that surface friction on couchgrass is affected to a lesser extent by 
foliage wetness, compared to perennial ryegrass. On wet foliage, μ values for the smooth-
soled trainer on couchgrass were 0.53, but only 0.34 on wet perennial ryegrass foliage. 
The reason for this difference in frictional behaviour on wet foliage is possibly related to 
the micromechanical properties of the foliage, but it was beyond the scope of this thesis to 
investigate this. On both grasses, grip is much higher and affected to a lesser degree by 
foliage wetness for boots equipped with bladed studs or large rubber dimples. This 
finding is attributed to a higher engagement of the studs with the underlying profile, and a 
reduced influence of the frictional interaction between the outsole and the foliage.  
 
Conclusion 
The static friction coefficient of couchgrass was not greatly diminished when the foliage 
was wet compared to when it was dry, even for smooth-soled footwear. On perennial 
ryegrass, however, static friction was significantly reduced with smooth-soled footwear 
when the foliage was wet compared to when it was dry. This difference in frictional 
behaviour between the grasses could lead to an intuitive, but mistaken, belief that 
perennial ryegrass has lower traction than couchgrass, and therefore involves a lower 
ACL injury risk. When boots with larger rubber dimples or bladed studs were tested, the 
reduction in linear grip on a wet compared to a dry surface was insignificant on both 
couchgrass and perennial ryegrass.    
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Question 2: Is there a difference in rotational traction for different boot 
types on perennial ryegrass when the foliage is moist compared to when 
dry, and when soil moisture is saturated compared to at Field Capacity?  
 
Rationale: The first experiment in this chapter showed that smooth-soled or short dimple 
shoes had significantly lower linear grip on wet perennial ryegrass foliage compared to 
when the foliage was dry. However, the difference in linear grip on wet or dry foliage was 
not significant when the boots had penetrative studs. This was attributed to a decline in 
the influence of surface, frictional effects and an increase in soil and stud interaction as 
stud length increased. It is not known whether the same behaviour would be seen with 
rotational grip, so the first aim of this experiment was to test this effect. 
The second aim of this experiment was to test boot rotational traction in a near-saturated 
soil compared to when the soil was near Field Capacity. A previous experiment (Chapter 
5, Question 14) found that UB Turf Tester rotational stiffness of both couchgrass and 
perennial ryegrass increased significantly in a soil-based profile as soil moisture content 
declined from near Field Capacity to a more droughted state. This was in agreement with 
Baker (1991) and Rogers, Waddington and Harper (1988), who reported that traction in 
soil-based rootzones was negatively correlated with soil moisture. However, that previous 
experiment did not test the effect when soil moisture increased from near Field Capacity 
to near saturation and was limited to the stud configuration of the UB Turf Tester. The 
tests reported in this current experiment both aim to fill gaps from previous experiments, 
and have a general purpose of improving the understanding of the interaction between 
boot stud length, foliage moisture and surface friction, and soil moisture and rotational 
traction.  
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Materials and methods 
A 1.2 m x 12 m plot with full groundcover of dense, high quality perennial ryegrass 
(blend TrioPro) was selected for this experiment. The soil type was a clay-loam Ferrosol. 
Initial rotational traction tests were conducted on 1st May 2012, when the soil was at or 
near Field Capacity following rainfall 48 hours previously, but when the surface foliage 
was dry. This was assessed by pressing a sheet of paper to the foliage to check there was 
no surface moisture. UB Turf Tester traction tests were conducted on sixteen replicate 
locations in the plot, using three different boot configurations. The first configuration was 
the standard studded disc with 6 x 17 mm studs. The studs were then removed and the 
tests repeated with the excised sole (left, forefoot section only) of a moulded-sole, blade-
type size 10 boot fixed to the disc. The tests were again repeated using an excised left, 
forefoot sole section from a size 10 boot with multiple rubber dimples. Volumetric soil 
moisture was tested at each replicate location by Theta probe.  
These tests were then immediately repeated on wet foliage, after the surface had been 
wetted using a pedestrian boomspray applying 0.5 L/m2 of water (5,000 L/ha). Tests were 
conducted within 15 minutes of the wetting process, and within 30 cm of the initial dry 
test locations. The day was overcast and cool with little wind, so surface drying was slow.  
The rotational traction tests were then repeated on each replicate location on 4th May 2012 
following substantial rainfall, and while light rain was actually falling. The soil was near 
saturation at this assessment, listed in the results as the ‘wet foliage, wet soil’ condition.  
Soil moisture, peak torque and rotational stiffness results for each condition were 
analysed by a one-way ANOVA, and where significant differences between treatments 
were evident, least significant difference (LSD) values calculated at an alpha level of 
0.05.  
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Results and discussion 
Table 6.3 presents the rotational traction data from these tests. There were no significant 
differences in volumetric soil moisture between the dry foliage and wet foliage tests, and 
soil moisture was near Field Capacity. Soil moisture was significantly higher in the wet 
foliage, wet soil condition, however, and was near saturation point.  
Table 6.3: Mean peak torque and rotational stiffness values on perennial ryegrass using the UB 
Turf Tester fitted with three different stud configurations, in three different moisture situations. 
Means followed by the same letter superscript are not significantly different (P = 0.05).    
 
        
  
Dry foliage, 
soil at FC 
Wet foliage, 
soil at FC 
Wet foliage, 
wet soil  
LSD      
(P = 0.05) 
Volumetric soil moisture (%) 35 a 35 a 45 b 1.8 
     Studded Disc (6 x 17mm studs)     
Peak torque (Nm) 60.0 b 59.2 b 45.3 a 4.7 
Rotational Stiffness (Nm/deg) 6.64 b 6.40 b 4.93 a 0.76 
     Short, rubber dimples     
Peak torque (Nm) 46.0 b 36.4 a 33.5 a 3.3 
Rotational Stiffness (Nm/deg) 4.37 b 4.23 a,b 3.92 a 0.44 
     Moulded blade-type studs     
Peak torque (Nm) 50.8 b 50.2 b 39.2 a 3.8 
Rotational Stiffness (Nm/deg) 5.46 b 5.24 b 4.31 a 0.50 
 
UB Turf Tester fitted with the conventional 6 x 17 mm studs: there was no significant 
difference in peak torque or rotational stiffness on dry perennial ryegrass foliage 
compared to wet foliage, when the soil was near Field Capacity. However, there was a 
significant reduction in rotational traction when the soil was near saturation compared to 
when near Field Capacity. Peak torque fell from 59 Nm to 45 Nm, and rotational stiffness 
fell from 6.4 Nm/deg to 4.9 Nm/deg. A previous experiment (Chapter 5, Question 14) had 
shown that perennial ryegrass peak torque was higher and rotational stiffness was 
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significantly higher in a dry soil compared to when the soil was at Field Capacity. Both of 
these results, although conducted on different plots at different times of the year, are 
consistent with a conclusion that depletion of soil moisture in a soil-based rootzone leads 
to an increase in rotational traction. This is in agreement with the findings of Baker 
(1991) and Rogers et al. (1988), that rotational traction was negatively correlated with 
moisture content in soil-based rootzones.  
UB Turf Tester fitted with a moulded-sole, blade-type boot: there was no significant 
difference in peak torque or rotational stiffness on dry vs wet perennial ryegrass foliage 
when the soil was near Field Capacity. However, there was a significant reduction in 
rotational traction when the soil was near saturation compared to when near Field 
Capacity. Peak torque fell from 50 Nm to 39 Nm, and rotational stiffness fell from 5.2 
Nm/deg to 4.3 Nm/deg. This behaviour is similar to that of the UB Turf Tester fitted with 
6 x 17 mm studs.  
UB Turf Tester fitted with short, rubber dimple sole: peak torque was significantly 
reduced and rotational stiffness was somewhat reduced when the perennial ryegrass 
foliage was wet compared to when it was dry. This is consistent with the earlier friction 
coefficient findings for this dimpled sole, and indicates that its grip is highly influenced 
by surface friction. Peak torque and rotational stiffness were reduced further, but not 
significantly, when the soil was near saturation point compared to when near Field 
Capacity. This suggests that there was limited interaction between the dimples and the 
soil, and consequently soil moisture content had a reduced influence on the rotational 
traction outcome.  
In summary, the rotational traction of a boot with short studs, such as the dimple-sole, 
was markedly reduced by foliar wetting of perennial ryegrass. However, its rotational 
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traction was relatively unaffected by soil moisture increasing from Field Capacity to near 
saturation. The rotational traction of boots with longer studs that interact to a higher 
degree with the soil profile were relatively unaffected by foliage wetness. However, the 
rotational traction of these boots was reduced as soil moisture content increased from 
Field Capacity to near saturation.  
 
Conclusion 
The grip of boots with short dimples is largely a function of surface friction, and is 
markedly affected by factors that affect surface friction, such as wetting of perennial 
ryegrass foliage. However, these boots are not greatly affected by soil moisture status.  
The grip of boots with studs that penetrate the surface is less affected by changes in 
surface friction, and more affected by soil moisture content.   
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Question 3: What effect does stud configuration have on rotational 
traction? 
 
Rationale: A review of the literature that exists on the influence of boot stud 
configuration on rotational traction was presented in Chapter 2. Overell, peak torque was 
reported to vary with stud length, number, placement and shape (Villwock, 2009; 
Villwock et al., 2009a;  Villwock et al., 2009b), although Severn and colleagues (2010) 
found only a modest rise in peak torque with increased stud number (Severn, Fleming & 
Dixon, 2010). Several reports provided data on the effect of these changes in stud 
configuration on both rotational traction and ACL injury rates. Torg and colleagues 
(1971, 1973, 1974) reported a dramatic reduction in knee injuries when footballers wore a 
boot with 15 x 12 mm long studs (38 Nm peak torque), compared to a boot with 7 x 19 
mm studs (74 Nm peak torque).  Lambson, Barnhill and Higgins (1996) reported a 
significantly higher peak torque and rate of knee injuries among players wearing boots 
with cleats positioned around the edge of the sole, compared to three other boot types 
without this placement.  However, none of these reports compared rotational stiffness 
between these stud configurations. The aim of this series of experiments was to provide 
further data on the effects of stud length, stud number and stud placement on rotational 
traction, and especially on rotational stiffness.  
Materials and methods 
In order to test the relationships between stud configuration and rotational traction in a 
range of situations, three in-situ fields were selected for data collection. One field was a 
sand-based couchgrass field (Legend), the second field was a soil-based perennial 
368 
 
ryegrass field, and the final tests were conducted on a synthetic turf field. No comparisons 
between fields were intended and results and discussion on each are treated separately.  
Tests on the two natural turf fields were focussed on stud number and length. Tests were 
conducted on 22nd February 2011, when soil moisture was high and consistent from 
recent rainfall, and surface hardness was moderate, to allow full penetration of studs. 
There was 100% coverage on both fields of uniform, dense turf of very high quality. Stud 
length tests were conducted at twelve replicate locations on each grass field using the UB 
Turf Tester fitted with 6 x 13 mm studs, 6 x 16.5 mm studs and then 6 x 21 mm studs. 
Stud number tests were conducted only on the couchgrass field using 2, 3 or 6 x 16.5 mm 
studs, and then 2, 3 or 6 x 21 mm studs. At each replicate location, volumetric soil 
moisture was tested by Theta Probe, surface hardness by CIST (2.25 x 46cm, 1st drop) 
and thatch depth was assessed using a digital caliper.  
Stud placement tests were conducted on a synthetic turf field with sand infill, on 12th 
December 2012. Rotational traction on synthetic turf is known to be affected by surface 
temperature (Torg, Stilwell, & Rogers, 1996), so surface temperature values were 
recorded to ensure the range was not excessive. The UB Turf Tester was fitted with three 
studs only, placed at either 26 mm, 46 mm or 66 mm radius from the central axis. The 
standard SBA stud placement is 46 mm radius. The initial testing used 16 mm long studs, 
but at 66 mm radius the peak torque continually exceeded the maximum value the UB 
Turf Tester could accommodate (100 Nm), so the tests were repeated using 13 mm studs.  
Peak torque and rotational stiffness values were subjected to one-way ANOVA analyses, 
and where significant differences between treatments were evident, least significant 
difference values calculated at an alpha level of 0.05.  
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Results and discussion 
Stud Length: perennial ryegrass field 
Volumetric soil moisture was highly uniform across the test area (mean 37%, CI 95% ± 
3%), as was CIST surface hardness (mean 68 g, CI 95% ± 7 g) and thatch depth (mean 
14mm). Table 6.4 shows the mean peak torque and rotational stiffness values on perennial 
ryegrass using three different stud lengths. Increasing stud length from 13 mm to 16.5 
mm (a 27% increase) resulted in a non-significant increase of 23% in both peak torque 
and rotational stiffness. Increasing stud length a further 27%, from 16.5 mm to 21 mm, 
resulted in a significant increase in peak torque (29% increase) and rotational stiffness (a 
45% increase). The relationship between stud length and peak torque appears reasonably 
linear on perennial ryegrass over these three values. The relationship between stud length 
and rotational stiffness, however, did not appear to be linear when stud length increased 
from 16.5 mm to 21 mm. The mean rotational stiffness of this perennial ryegrass field 
exceeded the nominated hazard level of 6 Nm/degree when 21mm studs were used.    
 
Table 6.4: Mean peak torque and rotational stiffness values for three stud lengths fitted on 
perennial ryegrass. Means followed by the same letter superscript are not significantly different.  
 
        
  6 x 13 mm studs 
6 x 16.5 mm 
studs 
6 x 21 mm 
studs 
LSD              
(P = 0.05) 
Peak Torque (Nm) 44.4 a 54.5 a 70.1 b 10.6 
Rotational stiffness (Nm/deg) 3.99 a 4.90 a 7.10 b 1.57 
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Stud Length: couchgrass field 
Volumetric soil moisture was highly uniform across the test area (mean 27%, CI 95%  ± 
3%), as was CIST surface hardness (mean 74 g, CI 95%  ± 7 g) and thatch depth (mean 12 
mm). Table 6.5 shows UB Turf Tester rotational traction values on couchgrass using three 
different stud lengths.  
Table 6.5: Mean peak torque and rotational stiffness for three stud lengths fitted to the UB Turf 
Tester on couchgrass. Means with the same letter superscript are not significantly different.  
 
        
  6 x 13 mm studs 
6 x 16.5 
mm studs 
 6 x 21mm 
studs 
LSD        
(P = 0.05) 
Peak Torque (Nm) 44.0 a 50.4 a 76.8 b 7.8 
Rotational stiffness (Nm/deg) 2.41 a 2.74 a 4.88 b 0.75 
 
Increasing stud length from 13 mm to 16.5 mm (a 27% increase in length) resulted in a 
non-significant increase of 15% in peak torque and 14% in rotational stiffness. Increasing 
stud length a further 27%, from 16.5 mm to 21 mm, resulted in a significant increase in 
peak torque (52% increase) and rotational stiffness (78% increase). It appears that the 
relationship between stud length and peak torque or rotational stiffness is not linear. 
Despite the peak torque being unacceptably high (76.8 Nm) with the 21mm studs, the 
mean rotational stiffness did not reach the nominated hazardous level of 6 Nm/degree. 
In both perennial ryegrass and couchgrass, the largest and most significant increase in 
peak torque and rotational stiffness was when switching from 16.5 mm studs to 21 mm 
studs. Given the thatch depth on the two grasses (14 mm and 12 mm), it is possible that 
this sharper increase was due to a greater interaction between the studs and the rootzone. 
Regardless, it is clear that increasing stud length causes an increase in rotational traction. 
This finding is consistent with other research in the literature (e.g. Villwock, 2009; 
Villwock et al, 2009a;  Villwock et al, 2009b).  
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Stud Number: couchgrass field 
Volumetric soil moisture was relatively uniform across the test area (mean 27%, CI 95% ± 
3%), as was CIST surface hardness (mean 74 g, CI 95%  ± 7 g) and thatch depth (mean 12 
mm). Table 6.6 shows rotational traction values on couchgrass using two, three and six 
studs, each 16.5 mm in length.  
Table 6.6: Mean peak torque and rotational stiffness values for 2, 3 and 6 x 16.5 mm studs on 
couchgrass. Means followed by the same letter superscript are not significantly different.  
 
        
  2 studs 3 studs 6 studs LSD           (P = 0.05) 
Peak Torque (Nm) 44.2 a 54.7 b  50.4 a,b 6.6 
Rotational stiffness (Nm/deg) 1.83 a 2.10 a 2.74 b 0.46 
 
Peak torque was lowest with two studs, and significantly increased when a third stud was 
added. However, peak torque then reduced between the three stud and six stud 
configuration. There was no significant difference in peak torque between the two stud 
and six stud configurations. Rotational stiffness increased with stud number, although the 
increased between the two stud and three stud configurations was not significant. Six 
studs provided significantly higher rotational stiffness than the two and three stud 
configurations.  
When the experiment was repeated with 21 mm studs, peak torque and rotational stiffness 
increased with stud number. Peak torque was significantly higher with three or six studs 
compared to two studs, but there was no significant difference between three studs and six 
studs (Table 6.7). There was a significant increase in rotational stiffness between the two 
or three stud configuration compared to the six stud configuration.  
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Table 6.7: Mean peak torque and rotational stiffness values for 2, 3 and 6 x 21 mm studs on 
couchgrass. Means followed by the same letter superscript are not significantly different.  
 
        
  2 studs 3 studs 6 studs LSD (P = 0.05) 
Peak Torque (Nm) 60.9 a 70.9 b 76.8 b 9.7 
Rotational stiffness (Nm/deg) 3.00 a 3.43 a 4.88 b 0.91 
 
In summary, increasing stud number within the limited range of these tests appeared to 
cause an increase in rotational traction, but the relationship was not linear. The traction 
provided by each stud will be in proportion to the normal load on it, and increasing the 
stud number can serve to reduce the load on each individual stud. Increasing the stud 
number also changes the relationship between the grip provided by the studs through soil 
penetration, and the grip provided by contact between the outsole and the surface. In 
short, the relationship between stud number and traction is complex, and increasing stud 
number does not necessarily cause an increase in traction. This finding is consistent with 
the conclusions presented by other researchers (e.g. Severn, Fleming, & Dixon, 2010). 
 
Stud Placement (distance from axis): synthetic field 
Traction testing on the synthetic field was conducted at an ambient temperature of 37oC, 
and the surface temperature during testing ranged between 55 – 60oC. The rotational 
traction of a boot with conical studs only varied by 4% between a surface temperature of 
33o to 43o C (Torg et al., 1996), so the range in surface temperatures in this experiment 
should not affect the results. The results for the 16 mm long studs are presented in Table 
6.8. At the 66 mm stud radius setting there was only one usable result (98 Nm), as the 
other tests repeatedly exceeded the maximum torque that the UB Turf Tester could 
measure (100 Nm). The single value from the 66 mm setting was not included in 
statistical analysis, so the comparison between the 26 mm and 46 mm radii were analysed 
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by t test. Increasing stud radius from 26 mm to 46 mm (a 77% increase) caused a 
significant increase in both peak torque (a 360% increase) and rotational stiffness (a 
370% increase). Increasing stud radius from 46 mm to 66 mm (a 43% increase) increased 
peak torque and rotational stiffness by approximately 60%.  
Table 6.8: Mean peak torque and rotational stiffness values using the UB Turf Tester fitted with 3 
x 16 mm studs at 26, 46 or 66 mm radius from the central axis of rotation. Means followed the 
same letter superscript are not significantly different (P = 0.05) 
 3 x 16 mm studs   
  r = 26 mm  r = 46 mm r = 66 mm LSD          (P = 0.05) 
Peak torque (Nm) 17 a 61 b 98 6.4 
Rotational stiffness (Nm/deg) 0.88 a 3.25 b 5.29 0.42 
 
When the tests were repeated using 13 mm studs (Table 6.9), increasing stud radius from 
26 mm to 46 mm resulted in a significant increase in peak torque (by 260%) and 
rotational stiffness (by 348%). Increasing stud radius from 46 mm to 66 mm (a 43% 
increase) significantly increased peak torque (by 72%) and rotational stiffness (by 83%).   
Table 6.9: Mean peak torque and rotational stiffness values using the UB Turf Tester fitted with 3 
x 13mm studs at 26, 46 or 66mm radius. Means followed by the same letter superscript are not 
significantly different (P = 0.05) 
 3 x 13 mm studs   
  r = 26 mm  r = 46 mm r = 66 mm LSD        (P = 0.05) 
Peak torque (Nm) 19.8 a 51.9 b 89.3 c 5.4 
Rotational stiffness (Nm/deg) 0.86 a 2.99 b 5.48 c 0.72 
 
Increasing the radius of stud placement dramatically increased rotational traction. The 
increase was not linear, despite the formula (torque = radius x force) suggesting that it 
would be. There is no doubt that stud radius plays a major part in boot-surface rotational 
traction, but the relationship is likely to be complex and difficult to model.  
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Conclusions 
The results of these experiments are consistent with conclusion that the relationship 
between stud configuration and rotational traction is too complex to allow adequate 
modelling on basic principles (Kirk, Carre, Haake & Manson, 2006). Barry (2002) found 
that different boot-surface combinations developed idiosyncratic traction results and 
concluded that empirical testing of each shoe-surface pair as a unique combination was 
required (Barry, 2002). However, the experiments proved the concept that boot stud 
configuration could be manipulated to provide a wide range in rotational traction 
outcomes, and that an appropriate stud configuration could be selected to provide 
acceptable traction on any surface. The radius of stud placement had the highest influence 
on rotational traction, suggesting that locating studs more towards the edge of boot 
outsoles would cause the greatest increases in rotational traction.  
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Question 4: What is the range in rotational traction provided by 
different commercially-available boots? 
 
Rationale: Stud configuration, especially stud length and radius from the central axis of 
pivot, has a major influence on boot-surface rotational traction. It should be possible to 
select boots with appropriate traction, even where the surface itself has high rotational 
traction. Chapter 5 of this thesis concluded that one approach to the rotational traction and 
ACL injury risk problem was not to set an upper acceptable limit to surface rotational 
traction, but rely on boot selection to avoid excessive boot-surface rotational traction.  
This assumes that there are large differences in rotational traction between boot types. 
However, some reports in the literature found only modest differences between boots and 
stud configurations, which undermines that approach. The range in peak torque between 
boot types reported in Lambson, Barnhill and Higgins (1996), for example, was only 24 – 
31 Nm. The range in peak torque between stud configurations reported in Severn, 
Fleming and Dixon (2010) was only 27 – 34 Nm, and in Smeets et al. (2012) only 33 – 37 
Nm. These ranges are very modest compared to the range in traction values found 
between some of the agronomic variables in Chapter 5.  
However, other reports in the literature cite a greater range. Bonstingl, Morehouse and 
Niebel (1975) reported a peak torque range between 9.5 – 74 Nm for different shoes in a 
toe-stance position. Heidt et al. (1996) reported a range of 14 – 43 Nm, and Villwock 
(2009) a range of 81 Nm (a boot with 88 x 6.5 mm studs) to 136 Nm (a boot with 14 x 
16.3 mm studs). These values indicate that considerable differences do exist between boot 
and stud configurations, and that excessive rotational traction can be avoided by selection 
of appropriate boots.  
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Due to the inconsistency in the literature, an experiment was conducted to quantify the 
range in peak torque and rotational traction of a selection of commercially-available 
football boots on a consistent, uniform natural turf surface. This information could 
support or refute an approach of moderating boot-surface rotational traction by boot 
selection, rather than surface modification.  
 
Materials and methods 
Six pairs of commercially-available football boots were purchased for this experiment, as 
shown in Figure 6.3. The stud number and length for each boot is provided in the results 
table (Table 6.10). The boots were men’s size 11 using the Australian scale, which 
equates to size 11½  in the US and Canada, size 45 in Europe, and 27.9 cm in length.  
The outsole of each left boot was removed and the forefoot section trimmed to a uniform 
surface area (Figure 6.4). The inner surface of each excised sole was filled to a smooth 
and level surface with fluid resin that set to a hard finish. Holes were then drilled through 
the outsoles to allow them to be securely screwed to the UB Turf Tester steel disc. The 
levelled outsoles ranged in thickness from 6 – 9 mm, so the final drop height of the sole to 
the turf was slightly less than the 60 mm achieved by the standard studded disc 
configuration, but no alteration was considered necessary. The drop height could be a 
factor in stud penetration if the surface was unduly hard, but all the tests in this 
experiment were conducted on a surface with relatively high soil moisture and not 
excessive hardness.    
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Figure 6.3: Football boots tested for peak torque and rotational stiffness. 
1. Liga 
small 
dimples 
2: Nike 
large 
dimples 
6: Green 
Nomis 
5: Red 
Nomis 
3: Blades 4: Adidas 
Predator 
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Figure 6.4: Excised boot outsoles, forefoot section, prepared for fixing to the UB Turf Tester disc 
 
 
Figure 6.5:  UB Turf Tester disc fitted with 6 x 17 mm  studs 
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As the UB Turf Tester rotates in a clockwise direction, the left boot in each case was used 
to simulate the rotational forces on a planted left foot executing a sidestep cut (i.e. an 
internal leg rotation).  The UB Turf Tester with 6 x 17 mm studs on the circular steel disc 
(i.e. the standard SBA spacing) was included as a control treatment (Figure 6.5).   
A prototype sole with a novel blade pattern was also tested (Figure 6.6). At the time of its 
development, in the early 2000s, it was claimed that this blade pattern would reduce 
rotational traction and prevent knee injuries. The blade prototype was provided to Dr. 
Bruce Barry for inclusion in his PhD study (Barry, 2002), and it was in turn provided for 
this study. Although this specific sole pattern is not commercially available, the 
commercially available Blade™ boot did have a similar stud pattern.  
 
Figure 6.6: Prototype bladed sole     
 
The green Nomis™ boot had screw-in studs and was tested with both 15 mm and 21 mm 
long studs. This brought the total number of treatments to nine. A uniform, dense, high 
quality 1.2 m x 12 m plot of perennial ryegrass (blend TrioPro) was selected for the 
experiment. Testing was conducted on 11th September 2011, two days after substantial 
rainfall, so the plot had a uniform soil moisture content close to Field Capacity, although 
the surface was quite firm and the foliage was dry. Twenty two replicate locations were 
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marked, and each treatment was tested within a 0.5m radius of this point. Soil moisture 
was assessed by Theta Probe, and surface hardness assessed with a CIST (2.25kg x 
45.7cm, 1st drop). Peak torque and rotational stiffness results were analysed by one-way 
ANOVA, and where significant differences were evident, least significant difference 
(LSD) values calculated at an alpha level of 0.05.  
Results and discussion 
Volumetric soil moisture was highly uniform across the test area (mean 36%, CI 95% ± 
1%), as was CIST surface hardness (mean 73 g, CI95%  ± 5 g). Table 6.10 presents the 
mean peak torque and rotational stiffness values for each treatment.  
Table 6.10: Mean peak torque and rotational stiffness on perennial ryegrass using the UB Turf 
Tester fitted with a standard SBA studded disc (17mm studs), or outsoles of eight different boot 
types. Means with the same letter superscript are not significantly different (P = 0.05).   
 
      
  Forefoot stud configuration 
Peak torque   
(Nm) 
Rotational 
Stiffness 
(Nm/degree) 
1. Liga turf shoe 112 x 5mm rubber dimples 40.2 a 3.71 a 
2. Nike dimples 50 x 5mm rubber dimples 41.8 a 4.62 b 
3. Prototype blade 6 x 13mm blades 50.2 b 4.95 b, c 
4. Blades 8 x 12mm blades 50.6 b 5.47 c 
5. Adidas Predator 9  x 11mm blades 53.9 b 5.63 c 
6. Red Nomis mould sole 9 x 13mm studs 54.0 b 5.33 c 
7. Green Nomis screw-ins 6 x 15mm studs 61.2 c 6.56 d 
8. SBA disc pattern 6 x 17mm studs 63.6 c 7.23 e 
9. Green Nomis screw-ins 6 x 21mm studs 69.8 d 6.54 d 
LSD         (P = 0.05)   4.0 0.44 
 
Within the range of commercially-available boots tested, peak torque varied from an 
acceptable level (40 Nm) to a high level (70 Nm). Rotational stiffness varied from a level 
that should be acceptable (3.71 Nm/deg) up to 6.56 Nm/deg, a level that this thesis has 
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nominated as excessive. The variation from lowest to highest in both cases was 
approximately 75%. The results show that on this surface, with high rotational traction 
from a standardised test (63.6 Nm peak torque, 7.23 Nm/deg rotational stiffness) boot-
surface rotational traction varied from adequate to excessive, depending on the boot-type 
selected. Even the Liga turf shoe with multiple, small rubber dimples would provide 
acceptable rotational traction on this surface, and the commercially available boot 
treatments 2, 4, 5 and 6 also provided adequate rotational traction, but at levels below that 
expected to involve a high ACL injury risk. However, the Green Nomis boot with 6 
screw-in studs, whether 15 mm or 21 mm in length, had peak torque or rotational stiffness 
values in excess of those flagged as potentially hazardous for ACL injury.  
The UB Turf Tester configuration with 6 x 17 mm studs screwed directly into the flat 
steel disc had a significantly higher rotational stiffness than all the boot types, even 
though the Green Nomis boot with 21 mm studs had a significantly higher peak torque. 
The ratio of peak torque to rotational stiffness averaged 9.9 for the boot soles, but only 
8.8 for the UB Turf Tester. In other words, if the peak torque of a boot was 55 Nm, one 
would expect its rotational stiffness to be 5.56 Nm/deg. But with the SBA configuration, a 
peak torque of 55 Nm would be predicted to have a rotational stiffness of 6.25 Nm. The 
SBA design has a concentric arrangement of studs at a fixed radius, and also uses a 150 
mm diameter flat steel disc, which engages wholly with the surface. Either of these 
characteristics could cause a proportionately higher rotational stiffness for a given peak 
torque, compared to normal boots. It is simply noted that its ratio of peak torque to 
rotational stiffness appears to be slightly less than that found with actual boots.  
Of more relevance to this thesis is the finding that the range in peak torque and rotational 
stiffness between the commercially available boots was considerable, in agreement with 
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Bostingl, Morehouse and Niebel (1975), Heidt et al. (1996) and Villwock (2009). This 
range was of the same magnitude as that seen spatially or temporally on a grass species, 
or between different grass species. So a valid approach to the ACL injury risk problem 
could be to accept any level of surface rotational traction, even those considered 
unacceptably high from a standardised test, and modify it by the simple, effective and 
immediate expedient of appropriate boot selection to provide adequate, but not excessive, 
boot-surface rotational traction.  
Conclusions from Chapter 6 
The contention that couchgrass involves a higher risk of ACL injury than perennial 
ryegrass arose from epidemiological studies using the AFL injury surveillance records 
(Orchard, 2005). Orchard and colleagues contended that the higher risk with couchgrass 
was due to its lateral growth habit and higher thatching tendency, hence a greater 
tendency to “trap players’ boots preventing the free rotation of the foot and placing more 
stress on the knee ligaments” (Orchard, Chivers, Aldous, Bennell & Seward, 2005 p 708). 
However, the epidemiological evidence did not directly measure rotational traction on 
fields, or record whether the surface was wet or dry at the time of injury or what type of 
boot was worn. As evident from the work in this chapter, all of these factors are relevant.    
In the first experiment in this chapter, perennial ryegrass provided lower surface friction 
when the foliage was wet compared to when it was dry, while couchgrass friction was 
relatively unaffected by wetting. This could lead to an assumption that perennial ryegrass 
has lower traction than couchgrass; in fact, this difference in behaviour between 
couchgrass and perennial ryegrass is not at all evident when studs are present. The 
significance of this finding might not be immediately apparent, but it could lead players to 
select high traction boots on a damp perennial ryegrass surface, as an example.  
383 
 
The main aim of this chapter was to quantify the influence of stud configuration and boot 
type on rotational traction. This was best demonstrated by the range in values found 
between treatments. Altering stud length between13 mm to 21 mm, for example, caused 
peak torque to vary between 40 – 70 Nm and rotational stiffness to vary between 4 – 7 
Nm/deg on perennial ryegrass. Changing the placement of studs from 26 mm radius out to 
66 mm radius increased peak torque from 20 Nm to 89 Nm, and rotational stiffness from 
0.9 to 5.5 Nm/deg on a synthetic turf surface. Tests of actual boot outsoles on perennial 
ryegrass showed a variation between 40 - 70 Nm peak torque and 3.7 – 6.6 Nm/deg 
rotational stiffness. In short, the magnitude of variation between boots is of the same 
order as that seen between grass species or between seasons. Even on surfaces with very 
high rotational traction, it is feasible to modify boot-surface rotational traction to an 
appropriate level by selecting suitable boots.  
The previous chapter showed that the highest range in rotational traction was found 
between denuded and well grassed zones on in situ fields. This led to the conclusion that 
avoiding zones where turfgrass biomass is lost by managing traffic, and growing 
whatever grass species is best able to retain coverage, would reduce the range in 
rotational traction values on the field. Players would then not need to select high-traction 
boots for low-traction areas, and could select boots that provide acceptable but not 
excessive boot-surface rotational traction for that day. Commercially-available boots were 
found to provide a sufficient range in rotational traction to make this approach feasible. 
The approach is not to try to universally reduce surface traction, but to eliminate high 
boot-surface rotational traction outcomes by boot selection. It would require a willingness 
by players to select boots that are appropriate for the existing ground conditions.  
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Chapter 7: Conclusions, implications, future directions 
 
Conclusions 
The underlying theme of this thesis is reducing the risk of ground-related injury in 
community- level football in southern Australia. Excessive surface hardness and excessive 
boot-surface rotational traction are the two factors most associated with ground-related 
injury risk. During the periodic droughts that are a feature of the Australian climate, 
irrigation can be restricted on many community- level football grounds. This limits the 
ability to moderate ground hardness by watering, and also reduces the range of turfgrasses 
that can be sustained. The research questions of the thesis aimed to reveal strategies to 
moderate both surface hardness and rotational traction on community-level football fields, 
including during periods of drought.  
With respect to hardness, this thesis proposed that the most practical and consistent 
solution to moderating surface hardness during drought was by sustaining turfgrass 
coverage over the full ground and through the full season. The experience during the most 
recent drought was that perennial ryegrass was not able to sustain its groundcover without 
irrigation. Only drought-resistant species such as couchgrass were able to do this in the 
absence of irrigation in southern mainland Australia (Ford, 2000).  
However, epidemiological evidence has linked couchgrass to a higher risk of ACL injury 
compared to perennial ryegrass, which was attributed to it having a higher rotational 
traction (Orchard, 2005). In the results presented in this thesis, couchgrass frequently had 
a higher peak torque than perennial ryegrass, but at no time did it have a higher mean 
rotational stiffness. This thesis argues that rotational stiffness is more relevant to the ACL 
injury context than peak torque; consequently, there appears no reason to recommend for 
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perennial ryegrass and against couchgrass for football fields based on their rotational 
traction.  
In any case, the variation in rotational traction between well-grassed zones and denuded 
zones on a football field proved to be of far greater magnitude than the differences 
between species or between other agronomic variables such as time of year, thatch depth 
or soil type. This thesis proposes that the most practical and consistent solution to 
reducing injury risk due to rotational traction is by reducing the variability in traction on a 
field. This is achieved, again, by sustaining turfgrass coverage over the full field and 
through the full season. This might result in rotational traction levels that could be 
considered excessive in a standardised test, but the thesis also showed that there was a 
sufficient range in rotational traction outcomes between different boot types to allow 
excessive rotational traction to be avoided by the simple expedient of boot selection. The 
concept argued in the thesis is that there is no such thing as excessive surface rotational 
traction, only excessive boot-surface rotational traction.  
The conclusions of both the hardness research and rotational traction research converge 
on a single strategy to reduce ground-related injury risk, which is to sustain turfgrass 
coverage over the full ground and through the full season. Some specific conclusions 
from the research are summarised in the following points:  
 
Ground hardness 
The literature review and the experiments conducted in this thesis both concluded that soil 
moisture content was the agronomic factor with the greatest influence on ground 
hardness. In the field, with or without grass coverage, and across a wide range of rootzone 
textural types, hardness was always moderated when moisture content was at or near 
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Field Capacity. Where adequate natural rainfall occurs or irrigation is possible, excessive 
hardness can be prevented. But in drought conditions, other strategies are needed.  
In the absence of adequate soil moisture, the experiments in Chapter 3 of this thesis found 
other agronomic variables that influenced surface hardness. Soil texture was one such 
variable. The experiments suggested that the fines content of a bare rootzone was 
predictive of its hardness when droughted, with a formula CISTg  =  7.2 (fines %)  +  28.4 
(R2 = 0.95). However, a rootzone with an acceptable infiltration rate would lack stability 
if denuded of grass, so rootzone selection did not offer a very practical solution to 
preventing excessive hardness in community- level football in drought.  
Excessively hard, dry profiles can be softened by mechanical aeration. Curative aeration 
by forking a dry profile shattered soil compaction and dramatically reduced hardness. 
However, a programmed, preventative mechanical aeration conducted when the soil was 
moist had no significant effect on ongoing hardness and was unable to prevent hardness 
exceeding 200 g in extreme drought.  
Sand topdressing (dusting) the turf sward on a compacted, finely-textured clay loam 
profile significantly reduced hardness, compared to non-dusted plots. More research is 
required, but this technique has good potential for avoiding excessive hardness.    
The presence or absence of turfgrass coverage had a major influence on surface hardness. 
On a compacted, clay-loam rootzone in prolonged drought conditions, surface hardness 
reached well over 200 g when turf cover was absent. However, surface hardness on the 
same profile was significantly lower, and limited to 150-160 g, when grass cover was 
present. Though this difference might appear modest, it is extremely important. The 
simple presence of an intact grass sward could make the difference between a field being 
closed or kept in play, depending on the CIST threshold chosen. The CIST hardness 
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threshold currently accepted in southern Australia is 120 g, but this figure was derived 
from research in elite-level football (Chivers & Aldous, 2003). Given the injury 
surveillance report by Twomey et al. (2012) and the higher CIST thresholds advocated in 
other locations (Mancino, Darrah, Holdren & Sherratt, 2006; McAuliffe & Roche, 2009), 
this thesis suggests it is reasonable that the CIST upper limit for community- level football 
be increased to 160 g.  
Turf coverage has been identified as the single most important factor that determines 
shear strength, resilience and wear tolerance on football fields (Canaway, 1983) and a 
player’s perception of the quality of a football field (Bell & Holmes, 1988).  This thesis 
concludes that turf coverage is also a key variable in moderating surface hardness in 
drought. This is consistent with Sifers & Beard (1997), who concluded that sustaining turf 
biomass over the entire use period was important to moderate hardness and potentially 
reduce injury, especially on finely-textured soils.   
For all its complexity, turfgrass science and culture consistently distils down to one main 
aim – to sustain turfgrass coverage. This is best achieved if football ground managers 
grow the turfgrass species that is most sustainable in their situation. The word 
sustainability can have various meanings, such as a situation where environmental 
sensitivity, social benefit and economic viability successfully intersect (F.Rossi, 
pers.commun., 2012). That meaning is relevant to this thesis, but at a more fundamental 
level, sustainability in this thesis is also defined as the ability of a turfgrass species to 
survive and provide a complete, intact sward. 
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Turfgrass sustainability  
In community- level football in southern Australia the overwhelming agronomic constraint 
to turfgrass sustainability is the lack of irrigation water during periodic droughts. It is an 
inescapable conclusion that couchgrass is a more sustainable turfgrass species than 
perennial ryegrass in that situation. However, there is a perception that couchgrass will 
not provide an acceptable football surface in a winter with normal rainfall. Chapter 4 
provided the first formal assessment of couchgrass coverage and overall performance on 
community- level football grounds in a Melbourne winter with above average rainfall. The 
general conclusion was that ground managers should be confident that a suitable 
couchgrass variety will retain grass coverage and provide a good quality winter playing 
surface in this climate, even in non-drought conditions. The couchgrass will not be 
destroyed or lead to unplayable surface conditions.  
Rotational traction 
Australian epidemiological research had linked couchgrass to an increased risk of ACL 
injury compared to perennial ryegrass (Orchard, 2005), which was attributed to 
couchgrass having higher rotational traction due to its thatch and stolons, which “trap 
players’ boots preventing the free rotation of the foot and placing more stress on the knee 
ligaments” (Orchard, Chivers, Aldous, Bennell & Seward, 2005, p 708). However, that 
research did not include any direct measurements of rotational traction, nor did it record 
the boot-type worn by injured players. None of the international ACL-injury research has 
linked couchgrass with a higher ACL injury risk. In fact, most of the biomedical research 
on ACL injury risk in sport ignores boot-surface rotational traction, and there is no 
consensus at all that it is a significant factor in the injury (Alentorn-Geli et al., 2009; 
Boden, Sheehan, Torg & Hewett, 2010; Griffin et al, 2006;  Shultz et al., 2010).  
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There is a lack of reliable, comparative information on the rotational traction of 
couchgrass and perennial ryegrass, and other species, so this was the major focus of 
Chapter 5.  Rotational traction was tested using the UB Turf Tester, which allows a 
calculation of rotational stiffness, defined as the slope of the trend line of the 0 – 6o 
section of the torque vs angle relationship. Biomedical research on ACL injury showed 
that the injury occurs within a fraction of a second after footstrike (Grund, Reihl, 
Krosshaug, Senner & Gruber, 2010), and that torque values greater than 35 Nm are 
implicated in ACL damage (Meyer et al., 2008; Shoemaker & Markolf, 1982; Shoemaker 
et al., 1988).   Therefore, rotational stiffness appears highly relevant to ACL injury, more 
so than peak torque, which is only reached at much higher rotation angles.   
The rotational traction of sportsfield turfgrasses was reported from eight assessments over 
twelve months, on plots that were controlled for age, thatch depth, hardness, soil type and 
moisture. Perennial ryegrass had significantly higher rotational stiffness than couchgrass 
on four assessment dates, than tall fescue on five assessment dates and compared to 
Kentucky bluegrass on two assessment dates. The overall conclusion is that there is no 
reason to favour perennial ryegrass and to recommend against the use of couchgrass for 
football fields for reasons concerning rotational traction.  
The influence of a range of other agronomic variables on rotational traction were also 
tested. Rotational traction is a complex, three dimensional phenomenon and the 
differences that exist spatially and temporally on a single species can be of the same 
magnitude as differences between species. Differences also exist between turfgrass 
varieties, although such differences have no apparent relationship to the density or quality 
of these varieties. Differences in rotational traction can also be inconsistent; for example, 
reducing thatch caused a reduction in rotational traction in some instances, but an increase 
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in other instances. Modifying (not removing) thatch by sand-dusting a turfgrass sward 
significantly reduced rotational traction. Chapter 3 had shown that sand-dusting a 
turfgrass sward also reduced surface hardness in drought conditions, so this practice has 
good potential to reduce both hardness and rotational traction. More research is warranted 
on this practice on football surfaces.  
By far the largest range in rotational traction, and arguably the agronomic factor with the 
greatest influence on ACL injury risk, was between areas with full grass cover compared 
to areas of bare rootzone. Where the above and below-ground biomass had been lost due 
to excessive wear, peak torque values of less than 10 Nm and rotational stiffness values of 
less than 1 Nm/deg were recorded. On well-grassed zones on that same field, however, 
peak torque might be in excess of 75 Nm and rotational stiffness in excess of 6 Nm/deg. 
A footballer playing on that field could experience very high rotational traction and very 
low rotational traction within a few steps.  
This finding led to a discussion of two possible approaches to reduce ACL injury risk 
from excessive rotational traction. The first approach, proposed by Orchard (2005), was 
to attempt a universal reduction in rotational traction by adopting a low-traction surface. 
The data in this thesis suggest that mandating the use of perennial ryegrass would not 
achieve this outcome, but, potentially, sand dusting could. There are two counter 
arguments to this approach. First, players could respond to a low-traction surface by 
simply selecting boots with higher traction. Second, the whole point of the exercise is lost 
if some areas of turf are denuded, resulting in high variability in traction on the 
supposedly ‘universal’ surface.   
The second approach, promoted in this thesis, was to ignore how high the rotational 
traction values might be on a field, and focus on retaining groundcover and uniformity of 
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traction across that field. The approach could be encapsulated by the statement: there is 
no such thing as excessive surface rotational traction, only excessive boot-surface 
rotational traction. Even a peak torque of 100 Nm and a rotational stiffness of 8 Nm/deg 
would be acceptable, provided that players wore appropriate boots. As with the first 
approach, however, the point of this second approach is lost if some areas of turf are 
denuded, resulting in players needing to select boots for the ‘lowest common 
denominator’ denuded zones.  
Both approaches place considerable responsibility for ground safety onto ground owners. 
It is advisable that ground authorities do not schedule excessive use onto fields to the 
point that groundcover, especially below-ground biomass, is lost. This is especially 
critical on sand-based fields, as the variability in rotational traction from biomass loss on 
a sand-based field is greater and potentially more serious than on a soil-based field. To 
increase the resilience of the turf surface and reduce the chance of biomass loss in high 
wear zones, ground managers should select a turfgrass species based on its sustainability 
through the season, rather than on its rotational traction.   
This approach, that there is no such thing as excessive surface rotational traction, only 
excessive boot-surface rotational traction, also places responsibility onto the players to 
select appropriate boots. While it is possible for players to intuitively assess traction in a 
pre-game warm-up, the process could be assisted by match-day testing of rotational 
traction, as well as an indication by boot manufacturers of the traction characteristics of 
their product. Chapter 6 found that rotational traction from different commercially-
available boot varied between 40 - 70 Nm peak torque and 3.7 – 6.6 Nm/deg rotational 
stiffness, so even on surfaces with very high rotational traction, it was feasible to modify 
boot-surface rotational traction to an appropriate level by selecting suitable boots.   
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Practical implications 
The main conclusion, and the point that unifies the thesis regarding problems with both 
surface hardness and rotational traction, is that sustaining turfgrass coverage is the most 
effective way of reducing the risk of ground-related injury in community- level football in 
southern Australia during periods of drought. This places a responsibility on ground 
owners to provide a surface where turf coverage is sustained over the season. In the past, 
many community- level grounds would lose grass coverage in high-traffic zones and this 
was seen as an inevitable consequence of high user demand. This thesis indicates that a 
new attitude is required, that the retention of turfgrass coverage across the field and 
through the season is seen as an essential element in player safety. Consequently, the 
safety auditing and bench-marking of football grounds should place a high emphasis on 
the percentage of turfgrass coverage on a field. Various methods can be used. McAuliffe 
and Roche recommend a visual method using a 0.25 m2 quadrat at set locations across 
fields (McAuliffe & Roche, 2009). However, it might be more informative to selectively 
target denuded or poorly grassed areas for comparison with well grassed areas, and 
provide range data as a highly relevant indicator of ground safety. This could be done 
with hardness tests as well – the current system, employed by some ground managers, of 
testing pre-selected sites and calculating a mean and standard deviation can actually mask 
outlying values.   
There are several strategies that can improve turfgrass retention on a field. Short-term 
strategies include spreading the traffic load by intermittent closing of sections of the 
ground, moving goal posts, mandating the location and scheduling of training, re-
scheduling games or restricting public access. Medium-term strategies include revising 
the usage schedule and the level of inputs and the annual budget on problem grounds. All 
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of these strategies are conventional turf management practices, familiar to most turf 
managers, who may have been suggesting them to management for some time. The new 
paradigm places a burden of responsibility on ground owners to remedy such problems.  
A longer-term strategy might include changing the grass species to better suit the situation 
of the ground. Couchgrass is more sustainable than perennial ryegrass if irrigation is not 
available or is susceptible to future water restrictions. Couchgrass will provide an 
acceptable winter football surface, even in winters when rainfall is above average. Where 
a conversion to couchgrass has been considered for a football ground, but ruled out on the 
basis of knee injury risk, the evidence from this thesis is that this should be re-considered.  
Whether the field is couchgrass or perennial ryegrass or Poa annua, the issue of rotational 
traction is best addressed by players in their boot selection. If the ground owners have 
fulfilled their responsibility in providing a surface with sustained turfgrass coverage, then 
players can be confident that there will be a commercially-available boot to suit that 
ground. While professional footballers will have several types of boot to choose from, 
community- level footballers can rapidly modify boot traction by changing stud lengths if 
their boots have screw-in studs.   
Future directions 
While this thesis provides information and fills several gaps in key agronomic influences 
on hardness and traction in drought conditions, it also identifies important areas for future 
research on ground conditions and ground-related injury. Three areas, in particular, are 
suggested.  The first area is purely agronomic, in the areas of aeration, dusting and 
crumbed rubber. The aeration trial in this thesis showed that a curative aeration treatment 
in a dry soil, where considerable shattering occurred, reduced surface hardness. However, 
the longevity of the effect was not determined, and merits further research. The practice 
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of sand dusting on football fields also requires further research. The thesis provided data 
showing a useful moderation of both surface hardness and rotational traction from 
dusting, although there is a concern that surface drainage on soil-based grounds could be 
compromised by the practice. Another agronomic treatment that should be investigated 
further, and which was not researched at all in this thesis, is the use of crumbed rubber to 
moderate hardness, and potentially rotational traction.  
A second potential area of research concerns the empirical testing of field hardness and 
traction. The thesis suggests that boots should carry some guidance on their traction 
properties, which would need to be measured by a standardised device and test protocol. 
This should include rotational stiffness as well as peak torque and a linear traction 
coefficient. Improvements are also required in the devices used to assess ground 
conditions in the field to more adequately reflect the forces acting on the human body. 
While the CIST, SBA and UB Turf Tester appear suitable for identifying differences in 
hardness and traction due to agronomic factors, the loads and forces involved fall well 
short of those experienced by an athlete.   
Finally, the contentious question of the link between ground conditions and ACL injury 
risk requires ongoing research. Orchard (2005) concluded from epidemiological data that 
there was a higher risk on couchgrass compared to perennial ryegrass, which he attributed 
to couchgrass having a higher rotational traction. Empirical data in this thesis do not 
support this. However, it is still possible that other direct properties of couchgrass (e.g. 
high linear traction) or an indirect properties (e.g. faster running speed) create a link 
between couchgrass and  increased ACL injury risk. This particular injury in football 
continues to be a major, intractable problem so it is essential that wide-ranging research 
into all possible causal factors and possible solutions is maintained.    
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Appendix A: The link between rotational traction and injury 
 
Turf scientists and practitioners and football ground authorities have been advised that 
high boot-surface rotational traction is a risk factor in ACL injury, and that their turf 
management should maintain rotational traction below certain thresholds to reduce ACL 
injury risk. Part of this advice was that couchgrass “is likely to lead to an increased risk of 
ACL injuries compared to ryegrass” (Orchard, 2005, p 166) and “if it is possible to use 
ryegrass in the profile of a football field then this should be done” (Orchard, 2005, p 163). 
The reason proposed for the increased ACL injury risk with couchgrass was its lateral 
growth habit and high thatching tendency, causing it to “trap players’ boots, thus 
preventing the free rotation of the foot and placing more stress on the knee ligaments” 
(Orchard, Chivers, Aldous, Bennell & Seward, 2005, p 708). Adhering to this advice has 
major implications for turf managers in locations where irrigation is limited or not 
available. The purpose of this appendix is to explore in some detail the literature on the 
importance, mechanisms and risk factors for ACL injury in football, and to review 
alternative hypotheses on these risk factors. It is somewhat peripheral to the agronomic 
focus of the thesis, but is appendix for the information of turf scientists wishing to 
broaden their knowledge in this area.  
There is no consensus in the sports medicine profession that boot-surface traction is 
linked to ACL injury risk at all. In five major recent reviews of ACL injury risk factors in 
sport, very little attention (Alentorn-Geli et al., 2009a; Griffin et al., 2006; Serpell, 
Scarvell, Ball & Smith, 2012) or no attention (Boden, Sheehan, Torg & Hewett, 2010; 
Shultz et al., 2010) was paid to a link between boot-surface traction and ACL injury. It is 
entirely possible that ACL injury risk factors are intrinsic (within the body), and that the 
effect of boot-surface traction is inconsequential.  
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The Anterior Cruciate Ligament  
 
The ACL is one of four main knee ligaments and connects the posterior plateau of the 
femur to the anterior plateau of the tibia, as shown in Figure 1. Ligaments are composed 
mainly of collagen and are viscoelastic, but can be damaged by being stretched beyond 
their limit, or by rupture. A major role of the ACL is to restrain anterior tibial 
displacement, which is forward movement of the tibia in relation to the femur (Quatman 
& Hewett, 2009), but the ACL can be strained and damaged by excessive anterior tibial 
displacement. The ACL also stabilizes the knee against lateral displacement of the tibia, 
varus-valgus forces and knee hyperextension (Hughes & Watkins, 2006).  
 
Figure A1: Schematic of ACL location on right knee, public domain file (Knee diagram.svg) 
copied from Wikimedia Commons, sourced 10 October 2012.  
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ACL injury in football 
According to the literature, the most common situations leading to non-contact ACL 
injury in football occur almost immediately on footstrike during manoeuvres such as 
evasive cutting or pivoting on a planted foot, spontaneous stopping or deceleration, or 
landing from a jump with knee near full extension  (Ackland, Lloyd, Besier & Cochrane, 
2002; Alentorn-Geli et al., 2009a; Boden, Dean, Feagin & Garrett, 2000; Cerulli, Benoit, 
Lamontagne, Caraffa & Liti, 2003; Fauno & Jakobsen, 2006; Quatman & Hewett, 2009; 
Wannop, Worobets & Stefanyshyn, 2010).  
In Denmark, 104 out of 105 soccer players presenting with an ACL rupture remembered 
the foot of the injured leg being in contact with the ground at the time of injury, and 63% 
were intending a change-of-direction manoeuvre (Fauno & Jakobsen, 2006). Changes of 
speed and direction occur frequently in football (Muller, Sterzing, Lake & Milani, 2010). 
The pivot manoeuvre requires good linear traction and involves much higher loading on 
the landing leg compared to normal straight running (Besier, Lloyd, Cochrane & Ackland, 
2001). In nearly all cases the landing is done on a single leg, most frequently on the 
preferred leg (Rahnama, Bambaeichi & Daneshjoo, 2009). Video analysis of 34 
Australian Football League (AFL) players sustaining ACL tears between 1992-1998 
showed injury occurred mostly in landing or cutting actions, at slow speed and when 
decelerating, at foot contact with the ground with an extended leg and knee flexion less 
than 30o (Cochrane, Lloyd, Buttfield, Seward & McGivern, 2007). Andrews et al. (1977) 
examined the cutting manoeuvre and noted the mechanism varied substantially between 
sports and between individuals, but had three distinct phases, the deceleration, plant and 
cut, and takeoff. The power for deceleration was provided by the calf, quadriceps and 
hamstring muscles, and braking was provided by the planted foot. The torso becomes 
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more upright often with the centre of mass behind the planted foot and the tibia angle near 
vertical. Knee flexion angle can vary up to 90o. In the sidestep cut the torso and pelvis 
rotates internally on the femur, in the new direction, and the planted foot then provides 
push-off in that direction. At no time in Andrews et al. (1977) is a rotation of the planted 
foot mentioned (Andrews, McLeod, Ward & Howard, 1977). In an editorial appendix to 
that paper, Nicholas commented that after studying these motions for five years he had 
not published any findings because of the variability in mechanisms between subjects, 
and an inability to study some aspects of the manoeuvre, including the effect of foot 
fixation (Andrews et al., 1977).  
A key question is whether the planted foot actually rotates in the cutting manoeuvre, as 
this has ramifications for shoe-surface traction. Frederick (1993) maintained that the 
traction involved in a football pivot manoeuvre is purely linear, as the player plants the 
foot when decelerating and requires only that the foot doesn’t slip before pushing in a 
new direction, without the foot actually rotating (Frederick, 1993). Atnip & McCrory 
reported that feet internally rotate in the range 5-7o in a sidestep cutting manoeuvre, but 
that was testing athletes in bare feet (Atnip & McCrory, 2004). A more recent paper noted 
that the push off from the planted foot in a cutting manoeuvre possibly involves rotation 
of the foot and acceleration in a new direction, but presented no evidence on foot rotation 
as such (Muller, Sterzing, Lake & Milani, 2010). Several authors refer to foot fixation as 
a key and even self-evident factor in ACL injury (eg. Gehring, Rott, Stapelfeldt & 
Gollhofer, 2007; Lambson, Barnhill, & Higgins, 1996; Torg, Theodore, Quedenfeld, & 
Landau, 1974) which pre-supposes the foot actually does rotate, but the literature is 
deficient in this area.  
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Preventing ACL injury 
Most of the ACL research over the past forty years has focussed on curative treatment of 
ACL injuries rather than prevention (Alentorn-Geli et al., 2009b). Obviously, prevention 
would be preferred. Injury prevention sequences for sports injuries have been proposed by 
van Mechelen, Hlobil and Kemper (1992) and Finch (2006). First, the extent of the injury 
problem must be determined. Second, the causal factors and mechanisms need to be 
identified. Later steps involve the implementation and then evaluation of specific 
preventative measures. Successful adoption of preventative measures requires that player 
performance is not compromised (Mahler & Donaldson, 2010), but players have a 
responsibility in complying with preventative measures, such as by selecting boots with 
adequate but not excessive grip, which will necessitate different boots for different 
surface and weather conditions (Berkes, Kynsburg & Panics, 2006).  
 
Sequence of Prevention Step 1: Extent of the Problem 
 
ACL injury is reported as having the highest economic cost of injuries in sports such as 
soccer (Alentorn-Geli et al., 2009b). Estimates of the number of ACL injuries in the 
United States vary greatly, up to 350,000 ACL reconstructions each year at an estimated 
cost of US$2B pa (Wojtys & Brower, 2010). Around 70% of these injuries are sports-
related, and there is around 1 ACL injury for every 1,500 player-hours (practice and 
games) in sports such as football, skiing and basketball (Colby, Francisco, Yu, 
Kirkendall, Finch & Garrett, 2000). In Australia the rate of ACL injury is claimed to be 
higher than in comparable countries, with an estimate of over 10,000 ACL 
reconstructions per year, costing around $57m. 72% of these were sport-related, and 
another 23% were from unspecified exercise activity, with the highest incidence in skiing, 
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followed by the various football codes and netball (Colby et al., 2000; Janssen, Orchard, 
Driscoll & van Mechelen, 2011). The number of football-related ACL injuries in 
Australia was estimated to be over 5,000 per year (Ackland et al., 2002). 
Natural healing of a ruptured ACL is rare (Gillquist & Messner, 1999), and the 
resumption of a sporting career will require surgery. Around half the ACL reconstruction 
operations are performed on young athletes. The operations are followed by a long period 
of disability and a higher probability of ongoing knee instability.  An ACL injury involves 
a high risk of concurrent secondary injury, such as meniscus rupture (Meyer, Baumer, 
Slade, Smith & Haut, 2008). There is also a significantly higher risk of further knee injury 
for the individual returning to football (Walden, Hagglund & Ekstrand, 2006) and for 
knee degeneration later in life (Alentorn-Geli et al., 2009a; Gillquist & Messner, 1999; 
Markolf et al., 1995; Renstrom et al., 2008; Yu & Garrett, 2007).  Knee injury has been 
cited as the most common cause of the premature end to a career in sports (Gillquist & 
Messner, 1999).  
In American football, an analysis of medical records over 28 years (1960 – 1987) for one 
National Football League (NFL) team found that 58% of the major injuries involved the 
knee, but that there was a decline in major knee injuries over time, from around 0.2 per 
game in 1960, to around 0.12 per game in 1985 (Nicholas, Rosenthal & Gleim, 1988). 
The authors noted that there had been many changes during that period that could affect 
ACL injury rates, including the introduction of screening to reduce the chance of drafting 
a vulnerable player. In a study of 332 American collegiate football players during the 
2005 season, 54% of players had a history of knee injuries and 12% of the knee injuries 
were ACL ruptures (Bradley et al., 2008). An analysis by Dick et al. (2007) of 1,954 ACL 
injuries in American collegiate football in the period 1988 – 2004 showed that 60% of 
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injured players required surgery during the season, and a further 10-20% required post-
season operations.  
Around 30% of injured players cited rotation about a planted foot as the injury 
mechanism. Even some of the contact injuries noted that the foot was planted and a force 
applied, so foot fixation might be involved in both contact and non-contact ACL injuries 
(Dick et al., 2007). An analysis of 33 NFL ACL-injured players by Carey et al. (2006) 
found that 21% did not return to the game after their injury. Of the 79% of players who 
did return, time out of the game varied from 40-187 weeks, with a mean of 56 weeks. A 
performance assessment found a significant reduction in post-injury performance. 
Interestingly, the pre-injury performance of those injured players was significantly higher 
than the control group (non-injured players), suggesting that high performance players are 
more likely to suffer an ACL injury (Carey, Huffman, Parekh & Sennett, 2006). In 
another study on the return to play after ACL surgery by Shah et al. (2010), of 49 injured 
NFL players, none returned to play during the same season and only 63% returned to 
NFL ranks. High draft pick players were significantly more likely to return compared to 
lower draft pick players (Shah, Andrews, Fleisig, McMichael & Lemak, 2010).  
 In the elite Australian Football League (AFL), with around 800 listed players in 18 clubs, 
the average number of ACL reconstructions per year is 13.9. The average incidence is 0.8 
ACL injuries per club per year, with ACL injury prevalence causing an average of 12.4 
lost games per club per year (Orchard, Seward & Orchard, 2013), as detailed in Table A1. 
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Table A1: ACL injury data from the AFL, showing number of reconstructions, prevalence 
(number of missed games per club) and incidence (number of ACL injuries per club), in the 
period 1992-2011, sourced from (Orchard, Seward, & Orchard, 2012) 
        
Season No. ACL reconstructions  ACL prevalence ACL incidence 
1992 16 15.1 1.1 
1993 7 5.5 0.7 
1994 13 10.1 0.8 
1995 15 14.3 0.9 
1996 20 17.0 1.1 
1997 21 17.8 1.1 
1998 15 15.8 0.8 
1999 8 10.8 0.7 
2000 8 4.8 0.5 
2001 17 13.6 0.9 
2002 15 15.3 0.8 
2003 11 10.8 0.6 
2004 9 10.1 0.5 
2005 10 9.3 0.6 
2006 19 14.1 0.9 
2007 13 15.1 0.6 
2008 17 15.3 0.9 
2009 13 11.1 0.7 
2010 9 7.8 0.6 
2011 20 13.4 0.9 
2012 16 13.5 0.8 
Mean 13.9 12.4 0.8 
SD 4.3 3.6 0.2 
 
The proportion of non-contact to contact ACL injury in football has been reported as 56% 
(Cochrane et al., 2007), 57% (Arendt & Dick, 1995), 60% (Ackland et al., 2002), 75% 
(Boden et al., 2010), 78% (Delfico & Garrett, 1998), 76% (Orchard and Seward 2005) 
and 70-84% (Alentorn-Geli et al., 2009a).   
If 75% of the 13.9 ACL injuries per year in the AFL are non-contact injuries (Orchard, 
2005), then around 1.3% of AFL players will suffer a non-contact ACL injury in any 
normal year.  ACL injuries in the AFL are responsible for 8.9% of missed games, 
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averaged over a ten year period, ranking third after hamstring injuries (15.5%) and groin 
injuries (9.6%) (Orchard & Seward, 2009). 
The overall incidence of ACL injury is reported as being two to ten times higher in 
females than in males (Alentorn-Geli et al., 2009b; Arendt & Dick, 1995; Boden et al., 
2010; Griffin et al., 2006; Yu & Garrett, 2007). There are multiple disparities between the 
genders that may have a role in ACL injury susceptibility, such as differences in landing, 
jumping and cutting technique (Quatman & Hewett, 2009), and differences in physiology 
and particularly oestrogen levels. Further discussion of this issue is beyond the scope of 
this appendix, but Renstrom and colleagues provide a comprehensive concepts statement 
on ACL injury factors in female athletes, prepared for the International Olympic 
Committee (Renstrom et al., 2008).  
The issue of ACL injury incidence on synthetic turf compared to natural turf is 
contentious and inconclusive. Most of the studies have been done in American football. 
Scranton et al. (1997) found a higher rate of ACL injury on natural grass compared to 
synthetic turf in NFL games, especially when the surfaces were dry (Scranton et al., 
1997). And Fuller and colleagues reported a trend to higher ACL injury rates on grass 
compared to synthetic turf in college football (Fuller, Junge & Dvorak, 2005; Fuller, 
Dick, Corlette, & Schmalz, 2007). In high school football, Meyers and Barnhill (2004) 
reported there were more long term injuries (> 22 days) and ligament injuries on natural 
grass compared to the 3rd generation synthetic FieldTurf. In his later study in college 
football, Meyers (2010) found a significant reduction in ligament tears and “injuries 
attributed to shoe-surface interaction during contact” on FieldTurf compared to natural 
grass (Meyers, 2010; p 5). So, several studies have reported that ACL injury rates in 
American football are higher on natural grass than on synthetic turf.  
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Contradicting these reports, however, Powell & Schootman (1992) reported that ACL 
injuries in the NFL in the period 1980-89 were higher on the first generation synthetic 
surface Astroturf compared to natural turf (Powell & Schootman, 1992). Dragoo and 
colleagues found a significantly higher incidence of ACL injury on 3rd generation 
synthetic turf compared to natural grass in college football in the period 2004-09 (Dragoo, 
Braun, Durham, Chen & Harris, 2012). And Hershman and colleagues reported that ACL 
injuries in the NFL in the period 2002-08 were 88% higher on FieldTurf compared to 
natural grass (Hershman et al., 2010), although this report was later withdrawn and only 
the podium abstract exists. One of those authors referred in a ‘Sport Health’ editorial to 
“a staggering increase of anterior cruciate ligament tears and high ankle sprains on the 
newer synthetic turfs when compared to natural grass” (Wojtys, 2010; p 277).  The issue 
reignited when two ACL injuries occurred in the 2012 Superbowl, played on FieldTurf.   
It might be assumed that a difference in non-contact ACL injury rates on synthetic turf 
compared to natural turf is due to differences in rotational traction. But it might not be. 
Gains and colleagues (2010) found a 3% higher agility in change-of-direction manoeuvres 
on FieldTurf compared to natural grass, and speculated that this could increase the risk of 
lower limb injury (Gains, Swedenhjelm, Mayhew, Bird & Houser, 2010). Dowling and 
colleagues (2010) found that athletes performing a sidestep cut on a high friction surface 
(athletic shoes on a rubber mat, with a Coefficient of Friction of 0.87) had lower knee 
flexion, a greater angle of valgus and a greater distance between their centre of mass and 
the planted foot, all of which have been implicated in ACL injury risk, compared to when 
they performed the same manoeuvre on a low friction surface (shoes on a wooden floor, 
Coefficient of Friction of 0.37). So, possibly, athletes performing sidestep manoeuvres on 
a high friction surface unconsciously adopt riskier kinematic positions, because they can, 
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and this may manifest itself as a link between high surface grip and ACL injury risk 
(Dowling, Corazza & Chaudhari, 2010).   
The issue of ACL injury rates on synthetic turf vs natural turf is controversial and the 
evidence inconclusive. In a meta-analysis of injury rates in soccer, rugby and American 
football, Williams, Hume and Kara (2011) found wide discrepancies in knee injury 
incidence rate ratios, ranging from 0.4 – 2.8 on synthetic turf compared to natural turf. 
The authors cited evidence that peak torque was higher on synthetic turf compared to 
grass, but noted that rotational stiffness may be a more sensitive measure of the shoe-
surface interaction than peak torque. Lower rotational stiffness indicates a lower loading 
rate, which might allow more time for neuromuscular control to reduce the risk of injury 
(Williams, Hume & Kara, 2011). Drakos and colleagues also discussed the possibility that 
the rate of strain increase (i.e. rotational stiffness) may be as important, if not more 
important, than peak torque (Drakos et al., 2010). Fujikake et al. (2007) compared 
synthetic and natural turf pitches and found peak torques were very similar, but there was 
a difference in rotational stiffness behaviour. The synthetic surfaces showed a linear 
relationship between torque and angle of rotation, right up to the peak. The natural grass 
stiffness, however, had three phases - an initial linear phase to around 0.1 radian (5-6o), 
then a period of diminishing slope, followed by a plateau phase, which included the peak 
torque value typically around 25-35o rotation. There was high temporal and spatial 
variation in traction on natural surfaces, but high uniformity on synthetic pitches. 
(Fujikake, Yamamoto & Takemura, 2007).   
Smeets et al. (2012) raise another complication, where ‘semi-synthetic’ fields are 
constructed. The DESSO GrassMaster® system is an example, where synthetic fibres are 
punched vertically into a natural grass surface to improve stability and wear resistance. 
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Smeets and colleagues found no significant difference in torque between this system (33 
Nm) and a natural grass field (35 Nm), although they did find a significant difference 
between them and a 3rd generation synthetic surface with sand and rubber infill (39 Nm) 
and also a synthetic field with no infill (29 Nm). They also found the GrassMaster system 
was more consistent than the natural grass surface, with torque values not influenced 
significantly by cleat type or weather (Smeets et al., 2012).  
To conclude this first preventative step, on understanding the extent of the problem, it is 
clear that ACL injury is a major injury problem in football. An ACL injury involves a 
high social and economic cost, but also a high personal cost to the injured player. The 
incidence is much higher in female athletes than in male athletes. Perhaps 75% of all 
ACL injuries in football occur in non-contact situations. The evidence regarding a 
difference in the rate of ACL injury on natural turf compared to synthetic turf is 
inconclusive, and it appears that the rotational traction of a specific boot-surface 
combination is highly individual, making it difficult to make general conclusions on the 
factors involved. The very fact that boots and playing surfaces are under such scrutiny 
suggests that researchers can envisage a surface-related mechanism of injury, and see 
boot-surface traction as a potential injury risk factor.  
 
Sequence of Prevention Step 2: ACL injury Mechanisms and Risk Factors  
 
ACL injury risk factors can be classed as intrinsic, those inside the body, which include 
anatomical, hormonal, neuromuscular and biomechanical factors, or extrinsic, those 
outside the body, which include environmental factors and the boot-surface interaction 
(Alentorn-Geli et al., 2009a; Griffin et al., 2006). Despite the intensity of medical 
research in this area there is no general agreement on the injury mechanisms and risk 
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factors. One recent paper has the title: ‘The ACL Injury Enigma: We can’t prevent what 
we don’t understand’ (McLean, 2008). 
In a meta-review scoping 813 papers and citing 147 papers, Ali and Rouhi (2010) noted 
the barriers to identifying the mechanisms and risk factors in ACL injury: injury numbers 
are low, an ACL injury is quick, complex and dynamic, ethical considerations constrain 
the use of humans in loading the ACL to failure, there is a high degree of inter and intra-
subject variability, the structure and geometry of the knee is complex, and studies that 
don’t involve full kinematics may not adequately represent the mechanisms at play. The 
authors concluded that a reductionist approach is unlikely to be helpful (Ali & Rouhi, 
2010). Several very recent reviews from expert panels have collated the current state of 
knowledge of the ACL injury risk factors in sport ( Aglietti, Giron & Cuomo, 2006; 
Alentorn-Geli et al., 2009a; Boden et al., 2010; Griffin et al., 2006; Hughes & Watkins, 
2006; Padua & Marshall, 2006; Shultz et al., 2010). There are around thirty discrete risk 
factors listed in those reviews, as summarised below:  
Anatomical Risk Factors: Include quadriceps:femoris angle, knee valgus angle, foot 
pronation, BMI, intercondylar notch width, and ACL geometry and material properties.  
Hormonal Risk Factors: Specifically regarding the effects of oestrogen level on ACL 
structure and tensile strength, collagen synthesis, knee laxity and even motor skill.  
Neuromuscular Risk Factors: Include kinematic variations in ankle, knee and hip 
flexion, knee valgus, knee stiffness and laxity, hip and tibia rotation, lateral displacement 
of the trunk, imbalances in quadriceps vs hamstring strength, general muscle flexibility 
and coordination and stiffness, and fatigue and responses in anticipated vs unanticipated 
manoeuvres.  
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Other intrinsic risk factors not specifically listed in these recent reviews could include 
familial tendency (Hewett et al., 2010) or a specific genetic disposition (Cross, Gibbs & 
Bryant, 1989; Posthumus et al., 2009), previous ACL injury (Arnason et al., 2004; 
Orchard, Seward, McGivern & Hood, 2001) or any previous injury (Fauno & Jakobsen, 
2006), weight but not height (Orchard et al., 2001), and age, possibly due to hormonal 
and physical changes at puberty or changes in skeletal maturity (Wojtys & Brower, 2010).  
Extrinsic Risk Factors: Include meteorological conditions, surface hardness, boot-surface 
traction and the use of protective equipment.  
Certain research teams appear to champion one or other of the factors implicated in ACL 
injury (Bussey, 2012). The injury hypotheses have been categorised as those in the 
sagittal plane (quadriceps drawer and anterior tibial displacement), the coronal plane 
(valgus collapse and knee abduction), and the transverse plane (internal and external tibial 
rotation) (Hashemi, Breighner, Chandrashekar, Slauterbeck & Beynnon, 2010). A fourth 
hypothesis group could be categorised as favouring extrinsic mechanisms such as ground 
hardness, and a fifth group would be described as multi-factorial; no single mechanism is 
causal, and loads and risk factors interact in complex, non-additive ways (Markolf et al., 
1995; Shultz et al., 2010). It may also be that one mechanism is more prevalent in one 
cohort (females, for example) or in one sport or manoeuvre compared to another.  The 
following paragraphs review these main ACL injury mechanism hypotheses:   
Excessive anterior tibial displacement hypothesis: Some anterior displacement of the 
tibia is normal from ground impact on landing or decelerating but if the tibia moves too 
far forward in relation to the femur then strain will be imparted to the ACL. A quadriceps 
contraction also causes anterior tibial displacement via the patellar tendon, referred to as 
the quadriceps drawer hypothesis (Krosshaug, Andersen, Olsen, Myklebust & Bahr, 
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2005). Excessive tibial translation from high and undamped Ground Reaction Forces 
(GRFs) in landing and cutting manoeuvres, possibly in combination with a strong 
quadriceps contraction, has been proposed as an ACL injury mechanism ( Boden et al., 
2010; Meyer et al., 2008). GRFs reach a peak at 40 milliseconds (ms) after landing 
(McLean, Su & van den Bogert, 2003) and peak strain on the ACL occurs almost 
immediately on footstrike, concurrent with peak GRFs and maximum leg extension 
(Cerulli et al., 2003). An anatomy with greater slope of the posterior tibial plateau can 
facilitate anterior tibial displacement under load and increase ACL injury risk (Quatman 
& Hewett, 2009). Landing with the body leaning back from the planted foot results in the 
tibial plateau being more vertical and more likely to displace in the anterior direction 
under load, leading to greater risk of ACL failure (Boden et al., 2010). An over-dominant 
quadriceps to hamstring (Q:H) ratio contributes to anterior tibial displacement and ACL 
injury risk (Boden, Torg, Knowles & Hewett, 2009; Boden et al., 2010; DeMorat, 
Weinhold, Blackburn, Chudik & Garrett, 2004; Quatman & Hewett, 2009). Athletes who 
had sustained ACL injury had a significantly higher level of hamstring laxity compared to 
uninjured athletes (Boden et al., 2000).  Quadriceps contraction is maximal on landing 
(161% of maximum voluntary contraction), whereas hamstring activity is sub-maximal 
(14% of maximum voluntary contraction) just after footstrike (Colby et al., 2000). 
Women have higher imbalances between quadriceps and hamstrings recruitment 
(Chappell, Creighton, Giuliani, Yu & Garrett, 2007), with Q:H activation during sidestep 
cutting manoeuvres averaging 0.88 in male athletes, and 1.26 in female athletes (Hanson, 
Padua, Blackburn, Prentice & Hirth, 2008). All these findings are consistent with a 
hypothesis that high GRFs and high and unbalanced quadriceps contraction contribute to 
excessive anterior tibial displacement on landing and decelerating, with subsequent risk 
of ACL damage. These mechanisms are in the saggital plane and do not involve rotation.  
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Knee position hypotheses: A low angle of knee flexion (0 – 30o) during cutting 
manoeuvres has been cited as an ACL injury risk by several authors (Arendt & Dick, 
1995; Cochrane et al., 2007; Delfico & Garrett, 1998; Griffin et al., 2006;  Markolf et al., 
1995; Podraza & White, 2010; Quatman & Hewett, 2009). Cadaver studies by Markolf 
and colleagues showed that forces on the ACL increased as knee flexion decreased from 
45o to 0o, and was greatest when the leg was hyperextended. Valgus or varus position and 
knee rotation also result in a significantly greater strain on the ACL compared to anterior 
tibial displacement alone (Alentorn-Geli et al., 2009a; Withrow, Huston, Wojtys & 
Ashton-Miller, 2006). Ebstrup and Bojsen-Moller implicated internal rotation 
accompanied by valgus position, or external rotation accompanied by varus position, with 
ACL injury (Ebstrup & Bojsen-Muller, 2000). Female athletes executing a cutting 
manoeuvre with more gradual, controlled and greater hip flexion experienced lower knee 
abduction and lower internal rotation torques (Kipp, McLean & Palmieri-Smith, 2011). 
Cadaver studies by Meyer and Haut implicated internal tibial rotation in combination with 
valgus rotation of the femur and tibio-femoral joint compression (such as would be 
experienced in a landing) in ACL rupture (Meyer & Haut, 2005 and 2008; Meyer et al., 
2008). Olsen and colleagues reported most women’s handball non-contact ACL injuries 
occurred on single leg landing or plant and cut manoeuvre with the leg close to full 
extension and in a valgus position (Olsen, Myklebust, Engebretsen & Bahr, 2004). It was 
debated whether the valgus position was a cause or effect of ACL injury. Training 
programs that reduced valgus movement were shown to reduce ACL injury rates, at least 
in women’s sports ( Boden et al., 2010; Hewett, Lindenfeld, Riccobene & Noyes, 1999). 
Female athletes who exhibited high knee valgus during a sidestep cutting manoeuvre also 
experienced higher internal rotation forces (Sigward & Powers, 2007). Valgus moments 
are significantly higher in females than in males in sidestepping and landing manoeuvres 
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(McLean, Huang, & van den Bogert, 2005) and although the increase in valgus angle in 
the female athletes was only 2o, this represented an extra 40 Nm in torsion on the knee, 
effectively doubling it (McLean, Lipfert & van den Bogert, 2004). McLean and 
colleagues concluded that increased knee valgus in the females constituted the dominant 
ACL injury risk (McLean et al., 2004; McLean, Huang, Su & van den Bogert, 2004; 
McLean, Huang & van den Bogert, 2008). It is likely that male athletes have different 
ACL injury mechanisms and risks compared to female athletes, with females 
experiencing more incidence of valgus collapse in an ACL injury (Boden et al., 2009; 
Hewett et al., 2005; Quatman & Hewett, 2009).  Video analysis of two ACL injury 
incidents noted a sudden increase in valgus angle (eg: 3o to 16o) at 30-40 ms after foot 
strike (Krosshaug, Slauterbeck, Engebretsen & Bahr, 2007). In video analysis of a further 
39 ACL injuries in basketball, 9 out of 17 injuries to females involved valgus collapse 
(Krosshaug et al., 2007). Quatman and colleagues found that athletes who experienced an 
ACL injury had recorded pre-season knee valgus angles on landing more than 8o higher 
than that of players completing the season without ACL injury. These authors also cited 
clinical imaging studies showing bone bruising indicative of valgus collapse during ACL 
injury (Quatman & Hewett, 2009). In their case study on an ACL-deficient patient, Koga 
et al. (2011) observed rapid knee valgus, tibial rotation and a 9 mm anterior tibial 
displacement at 30 ms after ground contact, and suggested that ACL injury occurs about 
30 – 40 ms after ground contact and that valgus loading generates internal tibial rotation 
and anterior tibial translation, resulting in the injury (Koga et al., 2011). Valgus or varus 
position and knee flexion angle on landing are movements in the coronal plane, and do 
not appear to be related to rotational traction, although several of these authors link these 
positions with internal or external rotation forces, which potentially could be affected by 
rotational traction.   
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Rotation hypotheses: Links between transverse forces and ACL failure are the most 
relevant to the issue of shoe-surface rotational traction. Any lateral manual exertion will 
create torsion in the leg and on a planted foot (Wilkinson & Grieve, 1996). A differential 
in rotation between the femur and tibia creates strain on the ACL. Normally the tibia can 
safely rotate about 45o externally and 25o internally on the femur at high knee flexion 
angles, but below 15o of knee flexion tibial rotation is restricted to about 17o external 
and16o internal rotation in relation to the femur (Zarins, Rowe, Harris & Watkins, 1983). 
Houck and Yack (2001) reported on a subject experiencing the knee giving way during a 
crossover task. First evidence of knee dysfunction was seen 58 ms into the stance 
duration, and the giving way appeared as an increased internal tibiofemoral rotation two 
standard deviations above that of non-giving way trials (Houck & Yack, 2001). McNair et 
al. (1990) surveyed ACL-injured patients and concluded that trunk rotation in a change of 
direction manoeuvre led to rotation of the femur and tibia, and that excessive tibial 
rotation was probably the most prominent mechanism of ACL injury (McNair, Marshall 
& Matheson, 1990). In a sidestep cutting manoeuvre on a fixed foot the torso and pelvis 
act as a single segment (Houck, Duncan, & De Haven, 2006) which rotates internally to 
face the new direction, resulting in torsion being placed on the femur (Andrews et al., 
1977). This torsion is absorbed by several leg structures, especially the hamstring 
(Neptune, Wright & van den Bogert, 1999). Ankle ligament failure of cadavers was in the 
range 55-95 Nm (Wei, Villwock, Powell & Haut, 2010), so the ankle ligaments are also 
able to absorb considerable torsion. The ACL itself, however, appears to have no role in 
absorbing rotation forces (Lo, Muller, Wunschel, Bauer, & Wulker, 2008). The risk to the 
ACL depends on how much torsion develops during a lateral manoeuvre and how much 
of that can be absorbed by the leg structures, and possibly how much torsion can be 
dissipated via foot rotation, and what resulting differential in torsion is created between 
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the femur and tibia, with the ACL sitting in the middle linking the two bones. The critical 
torsion for failure of the ACL in cadaver knees is in the range 29.5 – 43.5 Nm 
(Shoemaker & Markolf, 1982; Shoemaker, Markolf, Dorey, Zager & Namba, 1988) or 
37.4 Nm, ± 16.8 Nm (Meyer et al., 2008).  Of some relevance here is the ASTM release 
torque specification for ski bindings, designed to prevent ACL injury, which is 54-64 Nm 
for a 75 kg person (Senter & Hame, 2006).  
Internal rotation seems more hazardous to the ACL than external rotation (Wannop et al., 
2010; Yu & Garrett, 2007) as the ACL twists under internal rotation but unwinds, to some 
extent, under external rotation (Drakos et al., 2010). Drakos et al. (2010) found 
differences in the rate of strain build-up with different shoe-surface combinations and 
discussed the possibility that the rate of strain increase (i.e. rotational stiffness) may be as 
important, if not more important, than the peak torque (Drakos et al., 2010). Subjects 
landing with an already externally rotated foot and knee will experience greater rotation 
and torsion on landing, and greater risk of ACL injury (Dempsey, Elliott, Munro, Steele 
& Lloyd, 2012). Fatigue has been shown to change landing posture, including landing 
with a more externally rotated foot, creating higher rotation and greater risk of ACL 
injury (Sanna & O'Connor, 2008).  
As mentioned previously, the rotation hypothesis basically says that the risk to the ACL 
depends on how much torsion develops during a lateral manoeuvre, how much of that can 
be absorbed by the leg structures, and possibly how much torsion can be dissipated via 
foot rotation on the surface. But, as has been mentioned previously, the literature is 
deficient on whether the foot actually does rotate in a football cutting manoeuvre.  
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Other points relevant to intrinsic ACL risk:  
Markolf and colleagues (1995) found that the force on the ACL from combining two 
loading states was not the simple sum of those forces when applied individually, and that 
factors combine in very complex ways. They concluded that the two most important 
loading combinations for ACL injury were anterior forces on the tibia combined with 
internal tibial torque when the leg was near full extension (Markolf et al., 1995).  
Besier and colleagues reported higher loading of the knee ligaments during unanticipated 
cutting compared to anticipated cutting manoeuvres which they attributed to inappropriate 
muscular and postural adjustments during unanticipated cutting (Besier, Lloyd, Ackland 
& Cochrane, 2001; Besier et al., 2001). Houck and colleagues also found differences in 
postural adjustment on landing that could contribute to ACL injury risk between 
anticipated and unanticipated sidestep cutting manoeuvres (Houck et al., 2006). These 
findings suggest a reason why ACL injury is more prevalent in games than in practice.  
 
Prevention Steps 3 & 4: Implementation and Evaluation of Preventative Measures  
 
With so many potential injury mechanisms, the ability to isolate discrete risk factors and 
devise countermeasures is difficult. Nevertheless, interventions to reduce ACL injury 
based on perceived risks have been researched.  
Training Interventions to reduce ACL injury 
The two main types of ACL injury prevention training are proprioceptive (mainly balance 
exercises) and plyometric (movement awareness, agility, stability and manoeuvre 
technique). In a study of 600 male soccer players where half the group undertook a 20 
minute proprioceptive exercise, the incidence of ACL injuries in the exercise group was 
415 
 
reduced by 86%, from 70 in the control group (1.15 per team year), to 10 (0.15 per team 
per year) in the treatment group (Caraffa, Cerulli, Projetti, Aisa & Rizzo, 1996). Cochrane 
et al. (2010) reported that balance training reduced peak valgus and peak internal rotation 
moments in cutting manoeuvres, and so had the potential to reduce ACL injury. Weights 
training also reduced valgus moments but increased internal rotation and reduced knee 
flexion during the push-off phase of stance, potentially increasing ACL injury risk. The 
authors recommended that weights/strength training be done in combination with balance 
training to reduce the potential for ACL injury (Cochrane et al., 2010).  Dempsey and 
colleagues (2007, 2009, 2011) found that a wide placement of the planted foot in a cutting 
manoeuvre caused increased valgus and internal rotation, and recommended a cutting 
technique where the planted foot was not so wide, and not turned in or out, with a more 
upright torso facing more in line with the direction of travel. After a six week training 
program for male athletes there was no significant change to knee flexion or internal 
rotation, but there was a significant (36%) reduction in knee valgus moments, compared 
to before training. The authors concluded that training with the modified sidestep cutting 
technique may be effective in preventing ACL injury (Dempsey et al., 2007; Dempsey, 
Lloyd, Elliott, Steele & Munro, 2009; Dempsey, Elliott, & Lloyd, 2011).   
ACL injury prevention studies often target women’s sport because of the higher incidence 
of injury and the higher number of modifiable risk factors (Chappell et al., 2007; Hewett 
et al., 1999; Myer, Ford, & Hewett, 2004). A plyometric training program (a three-step 
stop with flexed knee) was reported to dramatically reduce ACL injury in women’s 
basketball (Arendt & Dick, 1995). Hewett and colleagues studied the effect of a six week 
pre-season plyometric training program on female high school athletes. There were eight 
non-contact ACL injuries in the 463 untrained girls, but none recorded in the exercise 
treatment group (Hewett et al., 1999). In a three year surveillance of 850 female team 
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handball players, Myklebust and colleagues found a significant reduction in ACL injury, 
but only in the elite teams. The authors concluded that prevention of ACL injury is 
possible with preventative training and that the existing knowledge should be put into 
immediate practice (Myklebust et al., 2003; Myklebust & Steffen, 2009). This was 
echoed by Khan (2008), who advised that “if you have a daughter playing basketball, 
soccer, handball or floorball, then it is crazy if her team isn’t undertaking one of the 
evidence-based warmups targeting lower limb injury prevention” (Khan, 2008; p 783).  A 
study of 1,892 teenage female soccer players found a plyometric pre-game warmup 
procedure significantly reduced overall injury and severe injury, with a strong but non-
significant trend to reduction in knee injuries from the intervention (RR 0.66, CI 0.41 – 
1.09) (Soligard et al., 2008) . Silvers and Mandelbaum (2007) reported a dramatic 
reduction in ACL injury in young female soccer players undertaking a 20 minute 
plyometric warm up routine prior to normal training. In Year 1 there were only two ACL 
injuries in the intervention group compared to 32 in the control group, and in Year 2 there 
were four ACL injuries in the intervention group compared to 35 in the control group. In 
the third year a randomised, controlled trial was conducted involving 1,429 female 
players in Division 1 collegiate soccer. Seven ACL injuries were reported in the 
intervention group, compared to 18 in the control group (Silvers & Mandelbaum, 2007). 
Grindstaff and colleagues conducted a meta-analysis and selected five peer-reviewed 
papers, all of which demonstrated a beneficial effect in reducing ACL injury in female 
athletes from a neuromuscular training program (Grindstaff, Hammill, Tuzson & Hertel, 
2006). Yoo and colleagues also conducted a meta-analysis and selected seven studies 
involving women’s sport, and concluded that training programs can reduce ACL injury 
incidence in Under-18 soccer when used both pre-season and through the season, and 
when the training focussed on plyometrics and strengthening, rather than proprioceptive 
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(Yoo et al., 2010). But not all studies report such success. In a study of 1,439 female high 
school athletes (862 in a control group and 577 in a plyometric exercise group) there was 
no significant difference in ACL injury rates between the groups (Pfeiffer, Shea, Roberts, 
Grandstrand & Bond, 2006). And McLean cited evidence that ACL injury rates and the 
sex disparity had not diminished to that time, and suggested that the current exercise and 
training strategies weren’t addressing the key injury mechanisms (McLean, 2008). 
Whether the programs were at fault, or whether there was a lack of compliance was not 
clear. Finch and colleagues noted a low adoption of training methods to reduce lower 
limb injuries in Australian football (Finch, White, Twomey & Ullah, 2011).  
Several recent reviews critiqued the literature regarding the efficacy of training programs. 
The reduction in ACL injury reported can be in the range 70-90%, although the degree of 
statistical validity varies. These reviews concluded that, although there are still questions 
to be answered, there is sufficient evidence that physical training aimed specifically at 
reducing ACL injury risk is beneficial (Altentorn-Geli et al., 2009b; Griffin et al., 2006; 
Padua & Marshall, 2006; Silvers & Mandelbaum, 2011).  The current focus of the 
Australian Centre for Research into Injury in Sport is on the assessment of training 
programs to reduce lower limb injuries in sport (Finch et al., 2011), so one would assume 
from this that the group accepts the growing evidence that specific training has the 
greatest potential for reducing lower limb injuries, including ACL injury.  
Boot and/or surface interventions to reduce ACL injury 
Many studies have investigated correlations between ACL injury rates and boot traction 
(e.g. Cameron & Davis, 1973; Lambson et al., 1996; Stefanyshyn, 2006; Torg & 
Quedenfeld, 1973; Torg et al., 1974; Wannop, Luo, & Stefanyshyn, 2009), but actual 
intervention studies are rare. Mueller & Blyth (1974) conducted an epidemiological study 
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on North Carolina high school football injuries, involving 43 schools and 8,776 athletes 
during the period 1968-72. Initially they found no difference in knee injury rates between 
short, soccer-style cleats compared to longer, conventional cleats, but concluded that poor 
field conditions were confounding their study. Nine high schools had their fields 
resurfaced and maintained in good condition for the 1971-2 seasons, and three of those 
schools were provided with short cleat soccer boots. During the final two seasons of the 
trial there was a 30% reduction in knee and ankle injuries in the cohort wearing the soccer 
boots, irrespective of the surface being played on, and a 46% reduction in knee and ankle 
injuries in players wearing the soccer boots and playing on the improved surfaces 
(Mueller & Blyth, 1974).   
Torg and colleagues conducted an epidemiological study involving 1,300 players in two 
Philadelphia football leagues, where players were required to switch from a conventional 
boot (7 x 19mm long studs) to a soccer boot (15 x 9mm long studs) for a period of two or 
three years. In comparison with the first year of the study when players were wearing the 
conventional boot, wearing the soccer boot reduced total knee injuries by an average of 
52%, severe knee injuries by an average of 75% and knee injuries requiring surgery by an 
average of 78%, as shown in Table 2 (Torg & Quedenfeld, 1971; Torg & Quedenfeld, 
1973; Torg et al., 1974). The authors recommended that football boots be configured with 
15 studs, no more than 12.5mm long  and at least 12.5mm in diameter. The papers 
provided no discussion on player satisfaction with the lower traction boot, or potentially 
confounding factors, but their findings were directly responsible for both the National 
Federation of State High School Associations and the NCAA mandating that football 
cleats be no longer than 12.5mm. Despite the impressive findings of Mueller & Blyth and 
Torg and colleagues, no other specific boot intervention studies were found in the 
literature.  
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Table A2: Knee injury numbers (and % reduction) when players were required to switch from a 
conventional boot (C = 7 x 19mm studs) to a soccer boot (S = 15 x 9.5mm studs). Adapted from 
(Torg & Quedenfeld, 1973) 
            
  Year Boot 
Total Knee 
Injuries 
Severe Knee 
Injuries 
Requiring 
Surgery 
Public 1968 C 51 29 11 
League 1969 S 24 (53%) 7 (76%) 4 (64%) 
(594 players) 1970 S 30 (41%) 9 (69%) 4 (64%) 
  1971 S 29 (43%) 8 (72%) 1 (91%) 
      Catholic 1969 C 93 40 17 
League 1970 S 38 (59%) 8 (80%) 2 (88%) 
(704 players) 1971 S 35 (62%) 9 (78%) 3 (82%) 
      Average 
reduction     52% 75% 78% 
 
 
After a high number of ACL injuries in the 1997 season, the AFL initiated research into 
potential ACL injury-risk factors that, in effect, became a surface intervention study. 
Among other factors (including several intrinsic factors), low rainfall in the previous year 
and high evaporation in the previous month were identified as significant ACL injury risk 
factors. Ground hardness was measured by racetrack penetrometer, and there were trends 
(not significant) for higher ACL injury on harder grounds (Relative Risk 2.60, CI 95% 0.94 
– 7.20) and on couchgrass compared to perennial ryegrass (RR 2.37, CI 95% 0.89 – 6.36) 
(Orchard, 2001). An early season bias and a northern bias in ACL injury were also noted. 
It was not clear if ground hardness or turfgrass traction were involved in ACL injury risk, 
or the interaction of the two, and it was considered premature to make firm conclusions. 
But the links seemed clear enough that from 1999 AFL ground managers were 
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encouraged to prepare softer grounds and oversow any couchgrass surfaces with perennial 
ryegrass (Orchard, 2002). The interventions resulting from these recommendations altered 
the experimental conditions of the study but appeared to yield immediate results, with 
ACL injury numbers down dramatically in the 1999 and 2000 seasons, dropping from 21 
in 1997 to only 8 in 1999 and 2000 (Orchard & Seward, 2005). Unfortunately these low 
numbers didn’t continue, as Table A1 showed, and ACL injury rates are as high now as 
they were before the hardness and oversowing interventions. The ACL data are relatively 
normal in distribution and the low readings of 8 ACL injuries seen in 1999 and 2000 has a 
probability of around 12%, which is not very low. Confounding the hardness and grass 
type changes, many grounds removed their cricket pitches during that period, and 
undoubtedly there were other changes that may have influenced ACL injury incidence, 
such as developments in boots, increased game speed and intensity, and even rule 
changes. As the work continued in the following decade, Orchard and colleagues in their 
various papers moved away from suggesting that ground hardness itself was an ACL risk 
factor towards a hypothesis that traction and grass factors were more likely candidates.  
The contention that high shoe-surface rotational traction contributes to ACL injury risk is 
accepted as fact by many authors. To give some examples, Abraham and colleagues state 
that “twisting and cutting sports such as football, baseball and soccer involve torsional 
forces placed on the knee which can result in traumatic injuries. In many cases these 
injuries relate directly to the sport shoe design and the nature of the playing surface” 
(Abraham, Newman, Pugh & Shulman, 1990; p 69).  In The U.S. Soccer Sports Medicine 
Book, Monto discussed  “...excessively high amounts of traction, with the shoe remaining 
firmly planted in the turf while the rest of the body twisted in a new direction. Torsional 
injuries of the ankle and knee resulted. If friction levels are too high, the loaded leg may 
remain fixed to the ground too long after ground contact while the body twists to change 
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direction. This places high torsional and shear stress on the foot, ankle and knee, leading 
to injury” (Monto, 1996; p 95). In the American Academy of Orthopaedic Surgeons 2001 
publication Prevention of Noncontact ACL Injuries, Dick’s chapter on shoe/surface 
considerations concludes: “Fact: The interaction of the athlete’s shoe with the playing 
surface influences performance and knee injury rates. Greater friction between shoes and 
surface provides better traction for sport performance but increases the risk of knee 
ligament injury” (Dick, 2001; p 11). And Chivers and Orchard (2008) stated that “ACL 
injuries occur in response to very high rotational force loads being experienced by the 
player’s knee and usually do not involve player contact. The dominant factor is the 
inability of the players’ foot to rotate freely within the turf of soil at a time when the body 
is rotating” (Chivers & Orchard, 2008; p115).  
But it is still unclear whether a player’s foot actually rotates, or needs to rotate in a pivot 
manoeuvre. Wilkinson & Grieve measured torques at the feet of up to 70 Nm during 
lateral manual exertions when both feet were planted on a force plate (Wilkinson & 
Grieve, 1996) so there is no doubt that there is torsion on the foot during a lateral 
manoeuvre. But the literature is inadequate on the crucial motions of the planted foot in a 
cutting manoeuvre; i.e. whether it rotates or not. Atnip and McCrory (2004) measured 
internal rotations of the planted foot of around 5 – 7o in athletes performing a running 45o 
sidestep, although the athletes were in bare feet. Shoes with high traction might not allow 
that rotation, although a planted foot can rotate slightly within a boot during a cut 
manoeuvre, even if the boot stays fixed. Villwock and colleagues observed that the boot 
upper flexed on a prosthetic foot during a pivot manoeuvre in their traction tests, and only 
measured rotational stiffness from an initial point of 3 Nm to account for this initial flex 
(Villwock, Meyer, Powell, Fouty & Haut, 2009). So when torque was applied in their 
tests, initially the boot stayed fixed on the surface and the pivoting prosthetic foot initially 
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moved within the shoe, before initiating rotation of both the foot and boot. But this is still 
an artificial test, and it is not certain that a pivoting athlete’s leg would cause the same 
motions. Kirk and colleagues (2007) used high speed video of athletes in landing and 
cutting manoeuvres but focussed only on sagittal plane views, and offered no insight into 
foot rotation (Kirk et al., 2007). There were no other reports in the literature to provide 
information on that key point, of whether a football player’s foot and boot actually 
rotates, or needs to rotate, in a pivot manoeuvre. As mentioned earlier, Frederick (1993) 
maintained that the traction involved in a football pivot manoeuvre is purely linear, as the 
player plants the foot when decelerating and requires only that the foot doesn’t slip before 
pushing in a new direction, without the foot actually rotating (Frederick, 1993). It is 
appropriate to speculate on this critical point, and propose some alternative, possible 
scenarios regarding ACL injury risk and the boot-surface: 
1. Ground factors and boot-surface factors have nothing at all to do with ACL injury risk. 
The risk factors are completely intrinsic. A certain proportion of athletes are intrinsically 
susceptible and pre-disposed to ACL injury.   
2. Sudden deceleration manoeuvres alone lead to ACL injury. High GRFs and high 
quadriceps activation, combined with poor landing technique and/or high linear traction 
cause excessive anterior tibial displacement and high strain on the ACL. High linear 
traction allows athletes to adopt exaggerated, riskier kinematics, such as greater lateral 
placement of the planted foot in a cutting manoeuvre, but boot-surface rotational traction 
per se is not involved.   
3. The planted foot rotates as a normal part of the cutting manoeuvre, and excessive 
rotational traction at the boot-surface interface traps the player’s boot and prevents or 
limits rotation, thus transferring high rotational forces to the ACL.  
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4. The planted foot doesn’t normally rotate as part of the cutting manoeuvre, but rotation 
exists as a safety valve. If high strain is experienced by the ACL, suitably low boot-
surface rotational traction relieves that strain before injury occurs. 
5. ACL injury risk is due to a combination of these factors. Intrinsic factors make an 
athlete susceptible or pre-disposed to ACL injury, and extrinsic factors such as boot-
surface linear or rotational traction or GRFs are the final determinant on whether injury 
occurs. If future research showed this to be true, a judgement would need to be made on 
what maximum rotational traction or GRF should be tailored to suit the small minority of 
intrinsically susceptible players, which might be a disadvantage for non-susceptible 
players and for the quality of the game.   
It is also possible that the relevance of these scenarios varies between sports or between 
cohorts of different age or gender. As mentioned, the literature is deficient in critical 
information regarding these alternatives. This appendix has devoted considerable space to 
the intrinsic ACL injury risk factors instead of focussing solely on extrinsic, surface 
factors. Turf managers have been advised that the rotational traction of their surface is a 
risk factor in ACL injury. While that might be true, it is reasonable for a turf scientist to 
explore the wider literature and the alternative hypotheses on the subject. There are, in 
fact, a myriad of ACL injury risk factors in football, and no consensus that boot-surface 
traction is an important one of them. 
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Appendix B: Comparison of constant head Hydraulic 
Conductivity and falling head Infiltration Rate methods to 
determine percolation rates of turf rootzones 
 
Rationale: Various experiments in Chapter 3 of this thesis compare rootzone treatments 
in large pots, which are not amenable to Hydraulic Conductivity testing by the constant 
head method (Hummel, 1993). It was considered important to determine the percolation 
rate of the treatments, however, to characterise the treatments and allow good 
interpretation of the results. A falling head Infiltration Rate method has been used in some 
turf rootzone laboratory testing (e.g. B. Jakobsen, pers. commun.), and good agreement 
between field-based falling head and Ksat methods had been reported (Bagarello, Elrick, 
Iovino, & Sgoi, 2006). During laboratory testing of fifty six soil samples as part of this 
thesis, it was decided to compare the two percolation rate methods. The aim was to test 
the validity of the falling head method for use in further work in the thesis.   
Method 
The experiment tested fifty two rootzone samples with fines contents (particles < 100 μm 
diameter) ranging from 1% to 16.7%, as well as four samples from a rootzone with 44.2% 
fines. The rootzone treatments were installed in 76 mm internal diameter x 365 mm deep 
uPVC sample tubes fitted with a bottom cap with 1 mm diameter drainage holes. Each 
sample tube was built as a simulated three layer turf construction based on the United 
States Golf Association (USGA) specification for greens construction (USGA Greens 
Section Staff, 2004), with a 20 mm deep gravel layer (D50 2.8 mm) at the bottom of the 
tube, then a 20 mm deep coarse sand (D50 0.8 mm) choker layer, followed by a 300 mm 
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rootzone sample depth. This simulated profile develops a perched water table, as it would 
in a turf construction using this profile design. The 300 mm rootzone depth was installed 
in a damp state and consolidated by tapping on the side of the tube with a rod and tapping 
the tube on the ground during the filling process, and applying two drops of a 75 mm 
diameter hammer to the pot once it was filled. The consolidation process was uniform for 
each sample.  
The tubes were then saturated from the bottom up by placing them in a 300 mm depth of 
water for a period of one hour. Following saturation, the profiles were allowed to drain 
for 48 hours to near Field Capacity before the next phase. Although not drained 
specifically to 40 cm suction, as could be achieved on a suction table, gravitational 
drainage of excess water had been completed in that time. Previous experience with this 
method showed that the perched water table in these profiles can take well over 24 hours 
to drain excess water and reach a steady moisture content. Once drained to near Field 
Capacity, the sample surfaces were compacted by fifteen drops of a 2.947 kg x75 mm 
diameter steel weight from a drop height of 31.7 cm. This delivered a total of 3.03 J/cm2 
dynamic energy, as specified in the USGA rootzone test method (Hummel, 1993). The 
compaction treatment lowered the soil depth in the tube, requiring a small amount of 
topping up. The aim was for the compacted rootzone surface to finish 25 mm below the 
uPVC tube rim. The tubes were then re-saturated by placing them in a 300 mm depth of 
water for a period of one hour. After removing them from the 300 mm water depth, they 
were placed on a concrete surface and kept saturated for a further four hours by 
maintaining a constant shallow head of free water on the surface, using adjustable 
irrigation drippers.  
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Hydraulic Conductivity (Ksat) was determined by the constant head method described by 
Hummel (1993). After four hours of watering from the drippers, a funnel and collection 
beaker was placed under the rootzone column with the shallow constant head still present. 
The volume of water conducted through the sample tubes was collected over a 30 minute 
period. Water temperature was measured to adjust for viscosity, and the formula detailed 
by Hummel (1993) was used to calculate Ksat in units of millimetres per hour (mm/hr).  
Immediately following this the water level on the surface of each sample was gently 
increased to overflow the rim of the sample tube, which was 25 mm above the rootzone 
surface. The water source was then removed, and the rate of fall of the free water surface 
moving into the rootzone was measured over time. Falling head measurements could 
occur until just before the free water surface moved into the soil surface, which could be a 
short as two minutes in the very sandy media.  Paired Ksat and IR results were analysed by 
regression analysis and a coefficient of determination value calculated. The mean 
difference between each pair of tests was calculated.  
Results and discussion 
The four samples of the clay-loam treatment (44.2% fines) had a percolation rate of 0 
mm/hr by both methods. In the rootzones with fines contents ranging from 1 – 16.7%, the 
Infiltration Rate values ranged from 600 – 6 mm/hr, and Ksat values ranged from 690 - 9 
mm/hr. The average mean difference between pairs was 26 mm/hr (Confidence Interval 
95%  ± 6.8 mm/hr). A correlation analysis of paired readings for each method over the 56 
pairs showed a very strong agreement between the two tests with a coefficient of 
determination of 0.96 (Figure B1).  
There was no apparent bias between methods, as some treatments had a higher result 
using the Ksat method, others had a higher result using the IR method. The percolation 
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rate test is acknowledged to have an inherently high variability, even in highly controlled 
laboratory conditions, so the strong correlation between methods in these 56 samples is 
good evidence that the falling head method is valid. This comparison has not been 
previously reported in the literature. It is included in the thesis to justify the use of the 
falling head infiltration rate test in further experiments, but the finding has wider 
implications for turf rootzone testing. The method might prove valuable in experimental 
work using pots or containers, for example.   
 
Fig B1: Correlation between falling head IR and Ksat test methods for 56 rootzone samples 
 
Conclusion 
The falling head Infiltration Rate method is a valid test of the percolation rate of turf 
rootzones, and can be a valid substitute for the constant head Hydraulic Conductivity 
method where necessary.   
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Appendix C: Comparison of rootzone volumetric moisture 
content by ThetaProbe and oven dry methods 
 
Rationale: Many experiments in this thesis use the ThetaProbe (Delta-T Instruments, 
Cambridge, UK) to provide a rapid, non-destructive measurement of volumetric soil 
moisture in grassed or bare field plots, pots or in situ sportsgrounds. The ThetaProbe uses 
a simplified voltage standing wave method to determine the relative impedance of its 
sensing head, which consists of four 60 mm stainless steel rods (see Figure B.1). Its 
accuracy is reported to correlate strongly with oven-dry, neutron probe and TDR tests in a 
range of soils and temperatures (Gaskin & Miller, 1996). The probe can be calibrated to 
improve accuracy in specific soil conditions, but Cosh et al. (2005) considered the probe 
with a general calibration was adequate for soil moisture testing across a diverse range of 
soil types and conditions (Cosh, Thomas, Bindlish, Famiglietti & Ryu, 2005). During 
laboratory testing of fifty six rootzone samples in the thesis research, it was decided to 
compare the ThetaProbe with the oven dry method of determining volumetric soil 
moisture content. The aim was to test the validity of the ThetaProbe for use in this thesis.  
Method 
The experiment tested fifty six rootzone samples with fines contents (particles < 100 μm 
diameter) ranging from 1% to 44.2%. The rootzone treatments were installed in 76 mm 
internal diameter x 365 mm deep uPVC sample columns fitted with a bottom cap with 1 
mm diameter drainage holes. A 100 mm long section of the uPVC column with an 
internal volume of 453 cm3 could be removed when required, allowing the soil contained 
within to be weighed and oven dried for a calculation of soil density, porosity and 
volumetric soil moisture content (also known as capillary porosity). The 100 mm section 
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extended from 25 mm deep in the profile, to 125 mm depth. Each sample tube was built 
as a simulated three layer turf construction based on the United States Golf Association 
(USGA) specification for greens construction (USGA Greens Section Staff, 2004), with a 
20 mm deep gravel layer (D50 2.8 mm) at the bottom of the tube, then a 20 mm deep 
coarse sand (D50 0.8 mm) choker layer, followed by a 300 mm rootzone sample depth. 
This simulated profile develops a perched water table, as it would in the field when using 
this profile design.  
The 300 mm rootzone depth was installed in a damp state and consolidated by tapping on 
the side of the tube with a rod and tapping the tube on the ground during the filling 
process, and applying two drops of a 75 mm diameter hammer to the pot once it was 
filled. The consolidation process was uniform for each sample. The tubes were then 
saturated from the bottom up by placing them in a 300 mm depth of water for a period of 
one hour. Following saturation, the profiles were allowed to drain for 48 hours to near 
Field Capacity before the next phase. Although not drained specifically to 30 cm or 40 cm 
suction, as could be achieved on a suction table, gravitational drainage of excess water 
had been completed in that time. Once drained to near Field Capacity, the sample surfaces 
were compacted by fifteen drops of a 2.947 kg x75 mm diameter steel weight from a drop 
height of 31.7 cm. This delivered a total of 3.03 J/cm2 dynamic energy, as specified in the 
USGA rootzone test method (Hummel, 1993). The compaction treatment lowered the soil 
depth in the tube, requiring a small amount of topping up. The aim was for the compacted 
rootzone surface to finish 25 mm below the uPVC tube rim.  
The tubes were then re-saturated by placing them in a 300 mm depth of water for a period 
of one hour, and then maintaining a constant shallow head of free water on the surface, 
using adjustable irrigation drippers. Hydraulic Conductivity (Ksat) and falling head 
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Infiltration Rate were then measured (see Appendix A). The pots were then allowed to 
drain for 48 hours again, to near Field Capacity.  Plastic shower caps were fitted to the 
columns to minimise surface drying during this time. ThetaProbe measurements were 
then conducted on each sample by inserting the probes vertically into the profile to their 
full depth. The 100 mm section of each column was then separated, and the rootzone 
sample in that segment immediately weighed. Samples were then dried for 24 hours at 
105oC, and re-weighed. Volumetric moisture content was determined as the weight of 
water lost by oven drying divided by the soil volume, converted to percentage.  
A limitation of this study is that the ThetaProbe measurement was from the sample 
surface to a depth of 60 mm, whereas the oven dry method used a sample that was 
extracted from 25 mm deep in the profile down to 125 mm depth. Another limitation of 
the study is that turf biomass, in particular a thatch component, was not present. Hurto et 
al (1979) reported that thatch varied greatly in density (0.22 – 0.63 g/cm3) and volumetric 
moisture content (25 – 45%), and has a very high total porosity, around 68% (Hurto, 
Turgeon, & Spomer, 1980). A thatch layer can also create a perched water table at the 
interface with the rootzone (Ford, 2011). These complexities make oven dry soil moisture 
determinations of grassed profiles problematic, but it is important that such 
determinations don’t overcome the complexity by simply discarding the thatch layer. The 
ThetaProbe can potentially improve the determination of volumetric soil moisture content 
in thatched samples, but this was not tested in this experiment, as none of the samples 
were grassed.   
Paired ThetaProbe and oven dry method results were analysed by regression analysis and 
a coefficient of determination value calculated. The mean difference between each pair of 
tests was calculated.  
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Results and discussion 
ThetaProbe values ranged from 11 – 36% moisture content, compared to a range of 11 – 
37% using the oven dry method. The average mean difference between methods was 
1.6%, CI95% ± 0.5%. A correlation analysis of paired readings for each method over the 
56 pairs showed a very strong agreement between the two tests with a coefficient of 
determination of 0.86 (see Figure C1). There was no apparent bias between the methods.   
 
Fig C1: Correlation between ThetaProbe and oven dry test methods for volumetric soil moisture 
content on 56 rootzone samples 
 
Conclusion 
The level of accuracy and agreement between the methods justifies the use of the 
ThetaProbe in this thesis, and other turf research projects where a rapid, non-destructive 
volumetric soil moisture determination is required, and where an accuracy of ± 2% is 
acceptable, as was the case in the experiments in this thesis.  
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